
11111

1.0 :: ~Iiia
Ii& w 12.2
~ ~IolIoIi£

11111.1 ~~~ w IIII~
1== U
IIIII~ IIIII~ 1I1~~

.....



Chapter 2

BLAST AND SHOCK ,PHENOMENA
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11 INTRODUCTION II
• Most of the physical damage to materiai

that is caused by nuclear explosions near the
earth's surface results from the blast and shock
phenomena or from the thermal radiation phe
nomena associated with such explosions. This
chapter describes the blast and sho!;k phenome
na, while the thermal radiation phenomena are
described in Chapter 3. .

_ Damage to structures or materiel from
bla~nd shock depends upon the location of
the explosion (air burst, surface burst, subsur
face burst), and the location of the structure or
m:;~eriel (in the air, on or under the surface of
the earth, or on or under a water surface). Ac
cordingly, this chapter is divided into four sec
tions. Section I describes the air blast phenome
na from air and surface bursts. Section 11 deals
with cratering phenomena and the associated
problems of ejecta. Section 111 describes ground
shock phenomena from near surface and subsur
face (ground) explosions. Section IV describes
the phenomena associated with underwater ex
!,l()~ion".

SECTION I

1IIIIIIi AIR BLAST PHENOMENA II
• The shock wave that propagates through

air as a consequence of a nuclear explosion is
commonly referred to as a blast wave. The de
structive ~ffects of a blast wave are produced by
its overpressure and its dynamic pressure. both
expressed in pounds per square inch (psi). Over
pressure. Ap. is the amount by which the static
l)ressure in the blast' waye~exceeds the ambient

pressure. Dynamic pressure, q. is associated with
the mass motion of air in the blast wave. It is
approximately equal to the pressure that this
strong wind develops when it hits a stationary
object. Dynamic pressure is defmtd more com
p_etelin paragraph 2-8.

, When an ideal blast wave passes a given
POlO , the fU'St disturbance that is felt coincides
with the arrival of the shock front, a discontin
uity at which both overpressure and dynamic
prefisure rise abruptly to their peak values, as
illustrated at point B in Figure 2-1. The over-
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Figure 2-1. _Ideal Pressure-Time Relltionshi~
for _ Blllit Wive in the Low Pressure

Region Cbelow 5 psi) til
pressure then follows an approximately expo
nential decline to a negative value, i.e•• to a pres
sure below ~mbient, and gradually returns to
zero. The phase that is above ambient pressure
(between points B and C) is termed the p('tsitive
phase; the phase that is below ambient pl'essure



ment of both the fueball and the blast wave, as
will be described in subsequent parElgraphs. This
modification may cause significant deviations
from the scaling laws. The scaling laws may be
applied to yields less than I kt or more than 20
Mt. but the additional uncertainties involved
should be recosniZed.

2-3 Erron Due to Altitude Scaling •
_ Altitude scaling is less accurate than
yi~scaling, and the problem becomes signifi
cant at altitudes above about 40,000 feet. Below
40,000 feet, avai1abl~ data are not adequate to
establish the magnitude of errors introduced by
altitude scaling, but they indicate that these
errors are probably small. Above 40,000 feet,
where scaling enors become fairly large, the
overpressuh': and dynamic pressure waveforms
depart from the predicted values more than
other condition!' at the shock front.

2-4 Erron It Long Ranges til
11 As mentioned previously, a nonuniform

atmosphere can distort the blast wave. Varia
tions of wind velocity or of temperature with
altitude can produce focusing effects by cban
neling more energy in one direction at the ex
pense of energy propagating in another direc
tion. This effect is most proJ.'lounced at long
ranges. It is the principal reason for assigning a
wider tolerance to overpressurre data below 1/2
psi (paragraph 2-24).

2·5 EfflCtl of die Earth', SurflCl •
• Since the earth is not a perfect reflector.

blast waves interacting with its surface cannot be
predicted as dependably as bJast waves in free
space. The reliability of blast-wave data at the
surface LIS 4iscussed in paragraph 2-23.

2-6 Effect of WIlpon Clwllc'*iIticI • YI-! p.
~.. Warheads al" fA l3
rties

u sea e nuc ear tests ha~.',) confmned ·the sea
ing laws for yields to about i 0 megatons (Mt),
and scaling to 20 Mt is considered a reasonable
extrapolation of available. data. However, there
is reason to question whether the scaling laws
maintain their accuracy for still larger yields.
Since the fueball of a 20 Mt burst is over a mDe
in .diameter, nonuniformity of the atmosphere ~
a sufficiently large factor to modify develop-

•must be assumed for possible military en-
counters.

2-1 Interpretation of Reliability
Statements •

• The reliability statement that accompa
nies each set of blast-wave data in this chapter is.
when possible. based on the width of the band
that contains 90 percent of all data points. In
the example given above (free air overpressure).
there are many data points, and the width of
th~~ t-a~d may be established readily. In other
cases, the reliability statements must be based
on judgment. This is necessary when the data are
too few to indicate the amount of scatter clear
ly, when large systematic errors are suspected,
and when curves are obtained from theory and
lack the support of experimental data.

2-2 Errors Due to Vield Scaling _

-Yield scaling is sufficiently accurate
~rrors intrt>duced are. in most air blast

problems, masked by uncertainties in the experi-
mental data. The exact amount of error attribut
able to yield scaling is unknown. but it is esti
mated to be a few percent. There are some
ex tions to this rule.



different intensity than the scaling laws predict
(see paragraph 244).

'

BLAST WAVE CALCULATIONS
I FREE AIR til
_ The physical characteristics of the blast

wave change as a function of time and distance
as the blast wave moves o1;1t from the explosion.
In a homogeneous atmosphere. where no bound
aries or surfaces are present. these changes take
place in a definite manner as a result of spherical
·divergence and irreversible energy losses to the
air. The shock front peak overpressure and other
shock wave parameters. such as velocity. that
depend on the ovei"Pressure decrease with in
creasing distance. and tire shock strength is

-attenuated with distance.

2-7 Peak Overpressure •

• The curve for free-air peak overpressure
in a standard sea-level atmosphere is shown in
Figure 2-2 as a function of distance from a I kt
explosion. This curve can be used directly to
predict incident overpressures from air bursts up
to about 5.000 feet height of burst. The curve
also may be used to predict incident overpres
sures for heights of burst up to 40.000 feet by
using the altitude scaling procedure described in
the follOWing subsection. The curve may also be
used to predict incident overpressures for
heights of burst above 40.000 feet by using a
reduced effective blast yield obtained from Fig
ure 2-64.

_ Figure 2-3 shows a famUy of free air
overpressure curves as a function of slant range
for selected yields between 0.001 kt and 1.000
Mt. This figure eliminates the requirement for
yield scaling. so it is more convenient to use for
selected yields at heights of. burst below 5.000
feet. For other yields and for hi3l.ler burst
heights. the curve in Figure 2-2 provides more
accurate data for scaling.

2-4

2.;8 Peak Dynamic Pressure •

• Dynar.tic pressures cause stationary tar
gets to experience drag forces associated with
the high-velocity winds that follow the shock
front. In an ideal blast wave. dynamic pressure
rises abruptly at the shock front to its peak
value and then diminishes as overpressure de
creases. Because of this decay behind the shock
front. these strong gusts of wind cannot be com
pared directly with steady winds of the same
velocity. During the negative overpressure phase.
the transient winds reverse and blow at reduced
velocities; the resulting values of dynamic pres
sure are small and act in the opposite direction.
As a result of the momentum of au in motion,
the positive dynamic pressure phase lasts slightly
longer than the positive overpressure phase:.

II The dynamic pressurt: is proportional to
the square of the wind velocity and to the den
sity of the air behind the shock front as follows

q = J.. p u2

2 • •
where q is the dynamic pressure. p. is the den
sity of the air behind the shock front. and u is
the particle (wind) velocity behind the shock
front. These latter two quantities may be related
to the overpressure under ideal conditions by

. equations that will be given in the succeeding
subsection (puagraphs 2-15 and 2-17).

• Peak dynamic pressure is shown as a
function of distance from a I kt free air explo-'
sion in a standard sea level atmosphere in Figure
2-4.

.. Dynamic pressure. and overpre~llre are
co~ered separately not only because they
have different origin~ but 1110 becauGe they re
act differently with the tIrIet. For example, a
telephone pole is not particularly sensitive to
overpressure; but a dynamic pressure of the
order of 1 psi is sufficient to break it.·

, .
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2·9 .Time of Arriva' II .
• At breakaway (i.e., the instant that the

shock front moves beyond the fireball) the
shock front from a sea·level burst has a velocity
of approximately seven times the velocity of
sound. Shock front velocity decreases as peak
overpressure decreases; it approaches the veloc
ity of sound as peak overpressure approaches
zero. The time of arrival of the shock front is
shown as a function of distance from a I kt free
air explosion in a homogeneous sea level atmo
sphere in Figure 2-5.

2·10 Duration of the Positive
Phases of Overpressure
end Dynamic Pressure II

II As illustrated in Figu~ 2-1, both t~e
overpressure and the dynamic pressure nse
rapidl:.... to peak values, decay to negative values,
and finally return to zero. It is during the p'Jsi
tive phase of the overpressure and/or the dynam··
ic pressure that most of the physical damage is
caused to structuzes, materiel, or personnel. The·
positive phase durations of the overpressure
pulse (I;) and the dynamic pressure (I;) are
shown in Figure 2·6 as a function of distance
from a I Itt free air explosion in a homogeneous
sea level atmosphere.

2·1' Impulse II
II The ideal parameter for specifying the

iu..".i.:lity of a blast wave would be one that has a
simple definition and that relates directly to
damage potential. Peak overpressure serves this
function approximately for many applications.
Impulse, wl"Jch combines the effects of pressure
and duration, is another of the parameters that
approaches this ideal for some types of targets.

_ Impulse may be defined as the product
of the average pressure and th~ time during
which the pressure acts. M;athematicallyt the

positive-phase overpressure impulse I p is defined
as

toot·
Ip = ( P ~(tJdl.

Jt-o

Negative-phase impulse is similarly defined in
terms of the underpressure; it is usually less sig
nificant than the positive-phase impulse. For this
reason, the term overpressure impulse is conven
tionally interpreted to mean positive phase over
pressure impulse.
... Dynamic pressure impulse is similarly

de= as the time integral

t=t+

Iq ;:f q q(tJdt.
t..,O

.. Figure 2-7 shows positive overpressure
im=e as a function of range from a I kt free
sir burst in a standard sea level atmosphere.
Comparison of Figures 2-2 and 2-7 shows that
overpressure impulse falls off much less rapidly
with distance than does peak overpressure. This
is because the pressure pulse broadens (becomes
more extended in time) as the peak overpressure
declines.
~ Figure 2-7 also shows 11 curve represent
in~namic pressure impulse. Near the burst.
dynamic pressure impulse is limited by the rela
tively small volume of air enclosed by the shock
front. This small amount of air can only sustain
a strong wind for a short time interval; conse
quently, the dynamic pressure pulse is very nar
row (Sh011 duration) at short ranges. At scaled
distances between 200 and 400 feet, the dura
tion of the dynamic pressure pulse decreases
almost as rapidly as peak dynamic pressure in
creases with decreasing distan.ce; as a result,
dynamic pressure impulse remains nearly con
stant over this range of di..~tances.



Problftm 2-1. Calculation of Free Air Peak everpressu1"2

... Figure 2-2 shows the peak overpressure
as~nction of slant range from a i kt explo
sion in a homogeneous sea level atmosphere at
heights of burst up to about 5,000 feet. For
higher burst heights, this figure may be used to
gether with the altitude scaling procedures de
scribed in paragraph 2-14 and illustrated in prob
lem 2-6. Figure 2-2 only applies to tree air over
pressure. Overpressures at the surface should be
obtained from the subsection "BLAST WAVE
P~OMENA AT THE SURFACE."
,. Scaling. For yields other than 1 kt, the

distance for any specified overpressure is

where d1 is the distance from th~ explosion ob
tained from Figure 2-2 for 1 kt, and d is the
correS-ronding distance for a yield of W kt.
''1\ Example -

Given: A 5 k'=osion at 4,000 feet
Find: The coaltitude distance to which 7

psi overpressure will extend.
Solution: From Figure 2-2, an overpressure

,,: -: .....; ".. ;~l ~ll,.tend to 1,000 feet for explosions
below about 5,000 feet.

Answer: The corresponding distance for a 5
kt weapon is

d =dl X W1/3 =1,000 ~ (5)1/3 =1,710 feet.

2-6

~
eliabllitY11·
The curve showr. in Figure 2-2 is a

theore leal curve that agrees well with experi
mental data. For scaled ranges up to 1,000 feet
(overpressures greater than 7 psi at sea level) the
values of peak overpressure obtained from the
curve are estimated to be within ±1S percent of
the overpressure that a given nuclear burst will
produce. This portion of the overpressure

.distance curie has been verified by analyses of
data obtained by high-speed photography.
.. For scaled distancc~s greater than

I,OOrP:t (overpressures below 7 psi) the values
of peak overpressure obtained from the curve
are estimated to be within ±30 percent the over
pressures that a given burst will prod\'ce. This
porticn of the curve is based on theore ical cal·
culations that agree closely with the empirical
curve in the high overpressure region. The exper
imental data for this portion of the curve consist
of both airborne pressure gages (either in para
chuted canisters or aircraft in flight) and pres
sure gages mounted on towers above the ground.
Since atmospheric effects (see paragraph 2-16)
influence overpressures strongly, greater scatter
is found in the data on both sides of the curve in
t~iWiigion.

... Related Material: See paragraph 2-7. See
also paragraph 2-14 through 2-15 and Problem
2-6 for scaling to altitudes up to 40,000 feet.
See paragraphs 242 through 2-44 for scaling
above 40,000 feet.
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Problem 2·2. calculation of Free Air Peak Dynamic Pressure

II Figure 2-4 shows the peak dynamic pres
sure as a function of slant range from a 1 kt
explosion in a homogeneous sea It.iel atmo
sphere at heights of burst up to about 5,000
feet. For higher burst heights, this firure may be
used together with the altitude scaling proce
dures described in paragraph 2-14 and illustrated
in problem 2·6. Figure 2-4 only applies to free
ai, peak dynamic pressure. The horizontal com·
ponent of the peak dynamic pressure at the sur
face should be obtained from the subsection
"BLAST WAVE PHENOMENA AT THE
SURFACE."
~ t'igure 2-4 shows peak dynamic pressure
wi~spect to FA stationary target. If the ~arget
velocity is appreciable compared to the peak
particle velocity (wind) at the shock front, the
procedures suggested in paragraph 2-15 should
be used.

• Scaling. For yields other than I kt, the
distance for any specific peak dynamic pressure
is

.!L = Wl/3
d1 '

where d1 is the distance from 'the explosion ob
tlined from Figure. 2-4 for 1 kt. and d is the
corresponding distMcefor a yield of W kt.

_ Example
. ~iven: A targe IS located at an altitude of

3,000 feet and is 2,600 feet from a 100 kt ex·
plosion at the same altitude.

Find: Th: peak dynamic pressure to which
the target is expected to be exposed.

Solution: The conesponding distance from
a 1 kt free air explosion is

d d = 2,600 - 560 fi t
1 = W1/3 (100)1/3 - ee .

Answer: From Figu-:., ;>4, a peak dynamic
pressure of 12 psi ilt ex~;;ted to occur 560 feet
fr~m a I kt free air explosion. This same peak
dynamic pressure would be expected 2,600 feet
from a 100 kt explosion.

.aRellability: Peak dynamic pressures ob
ta=r'from this curve are estimated to be reli
able to :t: 1S percent for pressures greater than 2
psi and to :20 percent for smaller pressures.
These estimates of reliability apply to yields be
tween 1 k~ and 20 Mt. Outside this range of
yields, tb~ curve may be used with somewhat
lel.iinfidence.
... Related Material: See paragraph 2·8. See

also paragraphs 2-13 through 2·15 and Problem
2-6 for scaling to altitudes up to 40,000 feet.
See paragraphs 2-42 thrQugh 244 for scaling
above 40,000 feet. See paragraph 2-25 for a dis
cussion of dynamic pressure along the surface of
the earth.

2-8
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Problem 2-3. calculation of Time of Arrival of the
Shock Front from 8 Free Air Bunt

II Figure 2-5 shows the time of arrival of
the shock front from a 1 kt free air burst in a
standard sea level atmosphere as a function of
distance from the burst. Figure 2-5 applies to
bUfst'i at altitudes up to 5,000 feet .

• Scaling. For yields other than 1 kt, scale
as=ws:

tId_= Wl3 =-
t I d l

where t I is the time of arrival of the shock front
at a distance d 1 from a 1 kt explosion, and t is
the corresponding time at a distance d from a
yield of W kt. At scaled distances greater than
1,500 feet (d I > 1,500 feet), the blast wave
travels only slightly faster than the speed of
sound, and the time of arrival may be approxi
mated by

d - 600 Jill!3
t = 1,116 sec,

where d is the distance of interest, in feet, from
an explosion of yield W kt, and t is the time of
arrival of the shock front at that distance. The
rnnc:t::lnt 1, t t 6 is the speed of sound in air at a
temperature of 59°F (15°C). The term 600
WI/3 is a measure of the scaled distance from
the burst beyond which the shock wav~ travels
at approximately the speed of sound. The ap
proximation may be extended by noting that
the speed of sound increases by about 1 percent
for each 10"F rise from the standard 59°F (1.8
percent for each lOoC rise from 15°C) and de
creases by the same percentage for correspond
ing temperature decreases below standard.

II Example.
Given: A 100·kt explosion in free air !n a

sea level atmosphere.
Find: The time of arrival of the shock front

at a point 40,000 feet from the explosion.
Solution: The £::orresponding distance from

a 1 kt explosion is

_ d _ 40,000 _
dl - -r-/3 - i/3 - 8,600 feet.

W (l00)

From Figure 2-5, the time of arrival of the shock
front at a point 8,600 feet from a 1 kt explosion
is 7.2 seconds.

Answer: The corresponding time of arrivai
at a distance of 40,000 feet from a 100 kt explo
sion is

t = t I Wl/3 =7.2 x (l00)1/3 =33.4 sec.

Since d t is greater than I,SOO feet, an alternate
method for obtaining 1he time of arrival would
be to use the equation presented above:

= d - 600 W~=40,000 - (600)(100)1/3
t 1,116 1,116

= 33.3 sec.

II Reliability: The times of arrival obtained
from Figure 2-5 are estimated to be within :t 15
percent of the true value for yields between 1 kt
and 20 Mt. The curve may be used with less
confidence outside this range of yields.

• Related Material: See paragraph 2-9. See
also paragraph 2-14 for scaling of times of arrival
for burst altitudes above 5,000 feet. See para
graph 2-26 for time of arrival of the shock front
at points on the surface.

2-11
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Problem 2-4. Calculation of the Duration of the PositivI Phase
of the Overprossure and Dynamic Pressure

II Figure 2-6 shows the durations of the
positive phase of the overpressure and the dy
namic pressure as a function of distance from a
1 kt free air explosion in a standard sea level
atmosphere for heights of burst below 5,000
feet. For higher burst heights, this figure may be
uc:~d together with the altitude scaling proce
dures described in paragraph 2-14. Figure 2-4
only applies to free air bursts. Positive phase
durations at the surface should be obtained from
the subsection "BLAST WAVE PHENOMENA
AT THE SURFACE."

•
Scaling. For yields other than 1 kt, the

POSI lve phase durations scale as follows:

where ,+ 1 and t+ 1 are the positive phase dura
tions orthe ove~ressure and the dynamic pres
sure, resp~ctively. at a distance d1 from a 1 kt
explosion, 'md t; and t; are the corresponding
positive pha:)e durations at a distance d ff(Jm a
yield of W kt. . _
.. Example IJ!I
~iven: A sao kt explosion in free air in a

standard sea level atmosphere.
Find: The positive phase durations of the

overpressure and the dynamic pressure at a point
8,000 feet from the explosion.

Solution: The corresponding distance from
a I kt explosion is

d - d - 8,000 = 1,000 feet.
1 - Wl/3 - (SOO)1/3

From Figure 2-6, the positive phase durations of
the overpressure and the dynamic pressure at a

distance of 1,000 feet from a 1 kt explosion are

Answer: The corresponding durations at a
distance of 8,000 feet from a SOO kt explosion
are

t; = ';1 x Wl/3= (0.22)(500)1/3 = 1.7 sec,

t+ I:: t+ X Wl/3 = (0.30)(500)1/3 = 2.4 sec.q ql

~eliabmtY "
Data for tp are derived from theoret-

ical ca culations that are supported by experi
mental data from bursts with yields between I
and 50 kt. Over this range of yields, reliability is
estimated to be ±15 percent. Since the accuracy
of scaling to larger yields has not been conflnn
ed experimentally, reliability is estimated to be
±30 percent for yields between SO kt and 20 Mt.
The curve may be used, with somewhat less con
fidence. for yields below I kt and above 20 Mt.
.. Data for t; are derived from theoret

ical 'Bulations, ana a few data points give
limited experimental confJm1ation. The curve is
estimated to be reliable within ±20 percent for
yields between 1 and SO kt and within ±40 per
cent for yields between SO kt and 20 Mt. Out
side these ranges of yields, the curve may be
used with somewhat less confidence.

_ Related Material: See paragraph 2-10.
Se~so paragraph 2-12 for a discussion of wave
forms. See paragraph 2-27 for data concerning
positive phase durations at the ground surface.
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Problem 2-5. calculation of ImpulH

II Figure 2-7. shows the overpr~sswe a~d
dynam~c pressure Impul&e as a function of dis
tance from a I kt free air explosion in a standard
sea level atmosphere for heights of burst below
about 5,000 feet. For higher burst heights, this
figure may be used together with the altitude
scaling procedures described in paragraph 2-14.
FIgure 2-5 applies only to tree air bursts. Posi
tive phase overpressure impulse should be ob
tained 'rom the subsection "BLAST WAVE
PHENOMENA AT THE SURFACE."

• Scaling. For yields other than I kt, the
ov~essure impulse and dynamic pressure im
pulse scale as follows:

i = W.,3 = :
11 1

where 1, is either the. overpressure i~pulse or
thp. dynamic pressure Impulse at a dIstance d 1

from a I kt explosion, and I and d are the cor
responding values of impulse and distance from

a.ofWkt. IIExample
iven: A 40 t explosion in free air in a

standard sea level atmosphere.
Find: The positive phase overpressure and

dynamic pressure impulses f.t a distance of 4,400
r' .•

Solution: The corre~ponding distance from
a I kt explosion is

d =..L =. 4,400 =600 feet.
1 Wl/3 (400)1/3

From Figure 2-7, the overpressure and dynamic
pressures at a distance of 600 feet from a I kt
explosion are

I p1 = 8.5 psi-sP.c,

I q1 = 4.4 psi-sec.

Answer: The corresponding impulses at a
distance of 4,4m> feet from a 400 kt explosion
are

I = 11 X W1/3 = (8.5)(400)1/3 l:;: 62 psi-sec,p p

I = /1 X W1/3 :: (4.4)(400)1/3 = 32 psi-sec.q q

• Reliability: Conventional practice and
availability of data have favored the use of peak
overpressure rather than overpressure impulse
for blast wave calculations. Consequently, there
have been few impulse measurements, and reli
able experimental data have not been obtained.
The impulse curves were obtained theoretically.
The overpressure impulse data were obtained
from computer code calculations (problem M,
DASA 1200, see bibliography). Values for
dynamic pressure impulse were calculated from
the relations of effective triangular duration de
scribed in paragraph 2-12. Overpressure impulse
as shown in Figure 2-7 is estimated to be reliable
within :t20 percent. No reliability estimate can
be assigned to the dynamic pressure impuise
curve. A portion of the latter curve is broken to
indicate that measurement of waveform area 1s
less accurate at short ranges.
.. Related Material: See paragraph 2-11.

SePlrso paragraphs 2-13 through 2-15 for scal
ing to altitudes up to 40,000 feet. See paragraph
2-28 for a discussion of positive phase overpres
sure impulse along the surface of the earth.
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2-12 Waveforms II
IIA Damage inflicted to a target by a blast

wave generally is a complex function of peak
oveflpressure, peak dynamic pressure, pulse dura
tions, and structural response characteristics of
the target. Usually, all details of the method by
which a target interacts with a blast wave are not
ide.ntified. The strength of the blast wave that
will damage the target generally is specified in
terms of a pair of parameters. For example,
weapon yield and peak overpressure, distance
and peak overpressure, or peak overpressure and
Ilositive-phase duration are, for an ideal blast
wsve, adequate to specify uJ'liquely all properties
of the blast wav~. If a blast wave, so defined, is
found by experiment to damage a certain target,
further analysis of the interaction usually is not
necessary.

•
This discussion of waveforms llnd the

prece ing discussion of impulse are not included
so much to provide a basis for calculations as to
provide an understanding of blast wave phe
nomena.

_ At a given point in space, the rate of
d~cay of overpressure after the shock front
passes depends on the peak overpressure. Over
pressure waveforms are shown in Figure 2-8 in
terms of normalized coordinates. The overpres
sure at a given time is expressed as a fraction of
peak overpressure, and time is expressed as a
r"n".'on of positive phase duration. These nor
malized variables are Iip(OIIip and tIt;, where
Iip(t) and t are instantaneous values of overpres
sure and time, lip is peak overpressure, ~nd t; is
the positive phase duration of the overPressure.
Similarly, dynamic pressure wavefonns are
shown in Figure 2·9 in tenns of the nonnalized
variables for dynamic pressure, q(tJ/q. where
q(tJ is the instantaneous value of dynamic pres
sure and q is the peak value, anf.i nonnalized
time tIt~ •Note that, since dynamic pressure dur
ation is longer than overpressure duration, Fig-

UTes 2-8 and 2-9 do not have a common time

ba,.
Both sets of waveforms show that close

.to e burst, where peak pressures are high, the
pressure drops rapidly from its peak value. At
greater distances and lower peak pressure!., the
drop in plCssure is slower, and the wavefonn is
much broader. This broadening of the pressure
pUlse with distance has more influence on effec
tive pulse duration than changes in t; and t:
have. At any specified distance, dynamic p:es
sure decays more rapidly than overpressure for a

BivJlnield.
For low values of peak overp~'essure and

pea tlynamic ptessure, the \'ariation of pressure
with time behind the shock front may be ap
proximated by the equations

2 -2t/t+
q(tJ = qf1 - tIt:) e q.

III These equations correspond most nearly
to the 7.5 psi overpressure curve and the 7.5 psi
dynamic pressure curve. They may be used with
reasonable accuracy for peak pressures of 0 to2Sii

In damAge estimates, it is frequently use-
fu 0 approximate the actual shock wavefonn
by the equivalent triangular waveform, which is
defined as one that has the same peak amplitude
and the same area as the actual wavefonn, but
has a triangular shape and a shorter time dura
tion than the actUlll wavefonn. Since the equiva
lent triangular wavefonn has the same area as
the actual wavefonn, it represents the same im
pulse. The time duration of this equivalent wave
form is obtained by multiplying actual time dur
ation by the triangular duration correction
faeter Ct , which is shown in Figure 2-10 sepa
rately for overpressure and dynamic pressure.

.2-17
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•The time duration of the equivalent waveform is
caUed the effective triangular duration of the
pressure pulse, t A' where

for overpressure and dynamic pressure. respec
!iv~lv.

.. The curves shown in Figures 2-8 and J-9
are'ed on theory. and specific estimates of
the amount by which actual blast waveforms can
be expected to deviate from these curves cannot
be made. The effective triangular waveform ob
tained by use of the triangular duration correc
tion factors shown in Figure 2-10 are simplified
rClpresentations .of the actual waveforms. These
trIangular waveforms do not represent structural
loading functions. The latter are described in Sec
tion II. Chapter 9. and speci.fic loading functions
used in some of the structural damage analyses
for this manual are shown in Figure 11-1.

Ii RELATIONS BETWEEN SH()CK
FRONT PARAMETERS II
2·13 Generalized Scaling •

• The concept of scaling various blast
wave parameters was introduced in the preced
ing subsection with reference to the correspond
ing parameter from a I kt explosion in a stan
'::~.i j sea level atmosphere. The various curves
were presented in terms of absolute values of
distance. time. or impulse from a 1 kt explosion
in free air in a standard sea level atmosphere.
This convention of presenting the data "in tenns
of a I kt explosion with scaling laws to relate
the parameters to other yields will be adhered to
in $.ubsequent sections of this chapter as well as
in succeeding chapters; however. the scaling laws
are not necessarily limited to scaling from I kt.
The "Sachs" scaling laws, which pertain to scal
ing of blast parameters. depend only on the rela-

tive yields of two weapons being considered.
Thus, the distance scaling law given in Problem~

2·1 and 2-2 could be written

when~ d2 is the slant range (distance from the
point of burst) from an explosion of W2 kilo
tons and d 1 is the corresponding c.tistance from
an explosion of WI kilotons. Likewise. the time
and impulse scaling laws given in ;Problems 2-3
through 2·5 cou~d be written

and

where. in each case the subscript 2 refers to the
value of the parameter for yield W2 kt. and the
sub~cript I refers to the value of the same pa
rameter for a yield of WI kt. As mentioned
ahove. WI will generally be taken to equal I kt
as a matter of convenience in this manual. .

• The scaling laws are derived from the
assumption that. at corresponding stages of de
velopment. the fJreballs from two different nu
clear explosions have the same energy per unit
mass of air at points that are the same scaled
'distance from the point of burst. It is also as
sumed that. as the blast waves propagate out
ward from the fireballs. they maintain this prop
erty of equal enellY densities at equal scaled
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radii. The blast waves produced by two different
nuclear explosions are thus assumed to be simi
lar in aU respects except for those relating to
differenCt~s in size. ~,ince, at a particular stage of
development, tne average energy densities
throughout the two fueballs are equal, fireball
volume is directly proportional to the amount of
energy required to produce it; therefore, fireball
radius is proportional to the cube root of the
nuclear yield. Other pertinent distances, such as
shock front radius, also follow this cube root
scaling law.

2·14' Altitude Scaling III
II At higher a!titudes, where air density is

less than at sea level, the reasoning described
above stm appiies. At equal scaled distances and

--eorresponding times, equal masses of air contain
equal amounts of energy. Therefore, the volume
of a sphere needed to contain a given amount of
energy in this manner is larger at higher altitudes
where the air is thinner. Specifically, this volume
is inversely proportional to air density; and cor
responding radii are inversely proportional to
the cube root of a.ir density. However, better
results are obtained by scaling distance with the
cube root of the ambient pressure (up to alti
tudes of 40,000 feet).* The altitude scaling for
distance is

d2= (U»1/3(Po ~tl3
d1 U1 p)

where Po is the sea level ambient pressure, P "is
the ambient pressure at the &ltitude of interest,
and the other quantities are as previously de
fined.

•
No pressure scaling factor is required for

exp osions in a standard sea level atmosphere
since the effect of yield is taken into account by
distance scaling, and, under similar ambient con-
ditions. the pressures generated by explosions of
different yields are equal at scaled distances.

2-22

When altitude must be considered, equal "shock
strengths" occur at equal scaled distances. The
tenn shock strength means the ratio of the ab
solute pressure behind the front to the ambient
pressure, i.e., the ~hock strength, tis,

which is a dimensionless quantity. At equal sca)
ed distances,

~ = ~o'

where ~ is the shock s~rength at the altitude of
interest and fo is the shock strength at the same
scaled distance at sea level. This may be written

which leads to

k= Ap~_
P P t

o

;aThe feasons for dismissing density in favol of pl~ssure as a
basis for ~lcu1atin& the altitude scaling factor fOl distanoe may
be described as follows. In the early ('lfebaD re,ion. wh~re enellY
absorbed from th, weapon completely overshadows any effect
of initial air temperature, it wOllld be expected that th~ only
important question is the number of air atoms pre.ent. In this
re&ion, density scaUna is appropriate. Examples of equations that
are bated on density ICIlinI are liven in Plfllllpb 2-44: how
ever, the situation i, different 0* most of th~ faIlIc throlllh
which the blast wave propaptea. Shock.(ront puameters cor
respond more directly to the preIIU1'e ratio aeross thc thoclC
front than to tile density ratio. After the Mock front reaches air
Dot 4irectly heated by the nuclear source, pressure ratio provides
the better basis for sc:aIinI. The correspondin, enellY modcl for
Sachs' ICallna laws Is that two free air blat WIve. are equivalent
when the ratio:

eaeqy enclosed by t1le Ihock front
am~~b~len--:t~lft~tmlai CDerJY of the air enclosed by the front

is the ume for both bkit wa~1ont. model may be derived by
notina that the pressure or an Ideal ... is proportional to internal
ellCJlY pel unit volume.

\ f • ~~ • f
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II
and the altitudl~ scaling for pressure is

¥=.!...
Apo Po'

where !JJp is the overpressure at the altitud~ cf
interest, Apo is the overpressure at the same
scaled distance at sea level, and P and Po are the
corresponding ambient pressures. This same rela
tion holds for oth.er characteristic pressures,
such as the total pressure behind the shock front
and the dynamic pre:ssure.
.. Two factot'li influence time of arrival:
!h~ed of t.ne blast wave and the distance that
it must traveJ. Und.er standard sea level condi
tions, the spf~t~d of the blast wave depends on
overpressure, which, in turn, depends only on
scaled distance from the burst. When the sC~I1ing

problem is not limited to the case of a sea level
atmosphere. the assumed relation between shock
speed and overpressure must be stated in more
general terms: f,or a given shock strength (and
hence f01 a given scaled distance), tl1~ Mach
number of the sil0ck front is always the same.
As altitude is increased, the time required for
the shock to ree~h a given scaled distance in
cre~ISf:S bec.ause (I) t~e actual distance is farther
and (2) at the lower temperatures generally asso
ciat'ed with higher altitudes, sound speed is slow
er (therefore, a given Mach number corresponds
to a slower shock front speed). The altitude seal·
~~Z ~':~ time is

:: =(::r~;r (~r
where T is the absolute temperature at sea level
and T is°the absolute temperature at the altitude
of interest. The factor To 1/2/T1/2 appears in
this expression because sound speed is propor
tional to the square fCjot of absolute tempera
ture. The factors involving yield and pressure are
those in scaling distance. The same scaling rela-

tionships may be used for scaling the positive
duration of the overpressure.

•
The altitude scaling for impulse may be

01:)" ed by multiplying the scaling equation for
time by the scaling equation for pressure, i.e.,

!.l~ l;; I~2 \1/3 (.L\2/3 /~)J/2
/1 \WI ) Po} \T .

II In the foregoing scaling relations, the
subscript 0 was defined to represent ambient
conditions (pressure or absolute temperature) at
sea level. Strictly speaking this is not necessat)'.
since the ratios of the values are the important
quantities. However, since these equations are
for use with the curves presented in the previous
subsection, which are all shown fflr standartl sea
level conditions, it is convenient to scale from
those condition!;. In order to facilitate calcula
tions based on the preceding equations, the fol
lowing factors have been defined and are tabu
lated in Tables 2-1 and 2-2:

S. =(;)'"

s =1-
p Po

_(~)1/3 (To)1/2
St - P T'

so that if, as usual, WI is taken to be I ktt the
equations may be shown in an abbreviated foml
as follows:

d = d W1/3S1 d

4p II: 4tJoSp

q II: qoSp

t == t WI/3S1 t

1 =11 Wl/3SpSt •
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Table 2-2. II Oata Based on U.S. Standard Atmosprn,re,
1962 Metric Units 111

Preuure Altitude~ Facton Dclll1ty Temperature Sound
Altitude Temperature Ratio- Ratio StJCed

km ·c mlUiblIl psi Sd SE' St 1'/1'0 T/To m/tec

0 15.0 1013.25 14.696 1.000 OOסס.1 1.000 1.000 1.000 340.3
.5 11.8 954.61 13.845 1.020 .9421 1.026 .953 .989 338.4

1.0 8.5 898.76 13.035 1.Q41 .8870 1.053 .907 .977 336.4
1.5 5.3 845.60 11.264 1.062 .8345 U181 .864 .966 334.5
2.0 1.0 795.01 11.531 1.084 .7846 1.110 .122 .955 331.5
3.0 -4.5 701.11 10.170 1.131 .6920 1.171 .742 .931 328.6
4.0 -11.0 616.60 8.943 U80 .6085 1.137 .669 .910 324.6
5.0 -17.5 540.48 7.839 1.233 .5334 1.309 .601 .887 320.5
6.0 -24.0 472.18 ti.84.f1 l.290 .<4660 1.387 .539 .865 316.5
7.0 -30.4 411.05 5.962 1.351 .4057 1.472 .481 .842 312.3
8.0 -36.9 ~56.S2 5.1'lS 1.416 .3519 1.564 ~."29 .820 308.1
9.0 -43.4 308.01 4.467 1.487 .3040 1.666 .381 .797 303.8

10 -49.9 265.00 ~.843 1.564 .2615 1.777 .338 .775 299.5
12 -56.5 193.99 2.814 1.735 .1915 2.001 .255 .752 29S!
14 ·:;6.5 141.70 2.055 l.927 .1399 2.222 .186 .752 295.1
16 -56.S 103.53 1.502 2.139 .1022 2.467 .IU .752 295.1
1$ -56.5 75.65 1.097 2.375 .07466 2.739 .D993 .752 295.1
20 -56.S 55.29 .802 2.636 .05457 3.Q4() .0726 .752 295.1
22 -54.6 40.47 .587 2.925 .03995 3.359 .0527 .759 296.4
24 -52.6 29.72 .431 3.143 .02933 3.706 .0383 .765 297.7
26 -50.6 21.88 .317 3.591 .02160 4.086 .cnao .772 299.1
2li -48.6 16.16 .234 3.973 .01595 4.500 .enoS .779 300.4

~O -46.6 11.97 .174 4.391 .01181 4.952 .oISO .786 301.7
32 -44.7 8.89 .129 4.848 8.774-3 50445 .oUl .793 303.0
34 -39.4 6.63 .0962 5,345 6.547 5.935 8.07-3 JIll 306.5
36 -33.9 4.99 .0723 S.880 4.920 6.452 5.92 .830 310.1
38 -28.3 3.77 .0547 6.453 3.122 7JJOO 4.38 JlSO 313.7

40 -22.8 2.87 .D416 71167 2J134-3 7.581 3.26-3 .869 317.2
42 -17.3 2.20 .0319 7.713 1.171 8.196 2M .188 320.7
44 -11.7 1.69 .0246 8.424 1.673 8.144 1.84 .907 324.1
46 -6.1 1.31 - .0190 9.171 IS.i 9.529 lAO M6 327.5
48 -2.5 1.01 .oJ:t8 9.968 1..010 10.29 1.07 .939 329.8

SO -2.5 .198 .oil6 10.83 7.874-4 11.17 1.38-4 .939 329.8
52 -2.5 .622 .D0903 n.76 6.141 12.14 6.54 .939 329.8
54 -5.6 .485 .D0703 12.78 4.'786 13.27 5.15 .9'1!J 327.9
56 -9.5 .377 .DOS46 13.91 3.716 14.54 4.06 .915 325.5
58 -13.5 .291 .D0423 15.15 2J176 15.96 3.J9 .901 '23.1
60 -17.4 .225 D0326 16.52 2.217-4 11.54 2.SO-4 .188 3~.6

NO'JE: 1.7,4-S .... ...,,4 • 10-S

·1'0 • 1.Z2S " to-S '~f:aS a 1.225 ~.J.
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•The use of other factors shown in Tables 2-1 and
2-2 will be explained in succeeding paragraphs.
Figure 2-11 shows a curve for each of the scaling
factors as a function of altitude, and thus pre
sents the continuous variation of the scaling fac
tors rather than the variation with incremental
steps in altitude as provided in Tables 2-1 and
2-2.

• Although Sd' Sp' and St are called alti
tu~alin~ factors, their use is not limited to
correcting for differences in altitude. Even if a
burst occurs at sea level, Sd and Sp are affected
by barometric pressure variations (typically
these variations are ±S percent), and St is affect
ed by temperature variations. When experiment
al data are analyzed, the actua! pressure and

. temperature at the time of burst ordinarily are
_Jmown and may be used in r.alculating the scal

ing factors. On the other hand, predictions of
nuclear effects often must be made without any
knowledge of what the weather will be when the
burst occurs. In this case, Sd'SP' and St are usu
ally based on handbook values of temperature

2-26

and pressure, which are functions of altitude
only as shown in Tables 2-1 and 2-2 and in Fig
ure 2-11.
.. To this point, nothing has been said
ab~differences between burst altitude and
target altitude. The e.xplanation has been pre
sented as though thr blast wave were propagat
ing from burst to target through a unifonn
atmosphere. For many ~roblems this assumption
is essentiall)' correct, but for long ranges the
source and the target may be at entirely dif
ferent altitudes and the seating factors may vary
appreciably over the path traveled by the blast
wave. When this cOJ!1plication arises the altitude
scaling factors are calculated on the basis of tar
get altitude (i.e., for the altitude at the point in
space where overpressure etc. are to be deter
mined) rather than on the basis of burst altitude.
Basic physical concepts fail to eXl)lain in a
simple manner why this choice is made. This
method, called "modified Sachs scaling," is used
because it comoes closer to giving answers that
agree with experimental data.

, .
"• y ,
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The approximate target altitude is thus between

From the pressure scaling equation in paragraph
2-14,

To account for the uncertainty of blast predic
tions (see R~liability, Problem 2-1), this over
pressure is ussigmd of 12.5 ± ] S percent; i.e., it
lies between 10.6 and ]4.4 psi. Figure 2-2 shows
that the corresponding scaled (] kt) distance are
between 840 and 725 feet. The corre;;ilonding
distances from a 100 kt explosion are

Sp = 0.56.

Apo =ks =-0756 = 12.5 psi.
p •

20,000 - 4.760 = J5,200 feet, and

d = d J W1I3Sd = (725)(100)1/3(1.22)

;: 4,100 feet.

d =d J W1/3Sd = (840)(100)1/3(1.21)

= 4.800 feet.

and

Problem 2-6. C8'culation of Free Air Blast Parameters
at Altituda up ttl 40,000 Feet

II The scaling factors presented in para- adequate basis for determining altitude scaling
graph 2-14 may be used to scale the data from factors; if not, succe~sive approximations must
lhe (;urves for free air explosions in a sea level be used. From Table 2-1,
atmosl'hcre presented in Figures 2-2 through 2-7
to higher altitudes. As mentioned in the last
paragraph of 2-14, the scaling factors for the
point of interest (target) are the factors to be
used in making altitude corrections rather than
the scaling factors for the burst altitude. These
scaling factors apply to explosions or targets at
altitudes up to 40,000 feet. The effective blast
yield is reduced for explosions above about
40,000 feet. and, while the ai.:itude scaling fac
tors still may be applied, the reduced yield J!lust
be used in the scaling, as described in paragraph

--"'-4"
- .. Example II
~iven: A 100 kt explosion at an altitude of

20.000 feet.
Find: The maximum altitude of a target

directly below the explosion such that the target
will not experience a peak overpressure exceed
ing 7 psi, and the peak dynamic pressure that
the target might be expected to receive.

Solution: Since the target altitude is un
known, and since the altitude scaling factors
should be applied for the target altitude, an ap
proximate solution is obtained first by using the
low altitude distance scaling law. From Figure
2-2, an overpre:ssure of 7 psi will extend to
! .000 feet for low altiturJe explosions. From th;;
s\:aling provided in Problem 2-1. the correspond
int; distance from a 100 kt explosion is

d·" d1W1fJ ;: 0,000)(100)1/3 = 4,640 feet.

The appmximate target altitude is

20.000 - 4,460 ::>$ ]5.400 feet.

This target ?lt~tude will. be used to detennine the
altitvrle s;a1ing factors. It may prove to be an

20.000 - 4,100 ;: 15,90'0 feet.

Neither of these altitudes is sufficiently different
from 15,400 feet to warrant repeating the calcu
lation with new altntude scaling factors. In order
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II
to insure that the peak overpressure will not ex-
ceed 7 psi, the lower altitude (greater distance
from the explosion) is taken as the accepted alti
tude. For an actual distance of 4,800 feet, and a
scaled distance of 725 fe~t (as determined
above), the peak dynamic pressure obtained
from Figure 2-4 is 4.6 psi. From the pressure
scaling equation of paragraph 2-14,

q = qoSp = (4.6)(0.56) = 2.6 psi.

The uncertainty in peak dynamic pressure is ±15
percent, therefore, the peak dynamic pressure is

expected to fall between 2.2 and 3.0 psi.

Answer: The maximum altitude of a target
directly below a 100 kt explosion at 20,000 feet
such that the target will not experience an over
pressure exceeding 7 psi is 15,200 feet. The peak
dynamic pressure incident on the target will be
between 2.2 and 3.0 psi, with an expected valu~

of2.6 psi.
Note: If the altitude at which the target

would be assured of receiving at least 7 psi over
pressure had been desired, an altitude of 15,900
feet would have been selected as the answer.
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2·16 Velocity and Density •
• For most blast-wave calculations, peak

overpressure and peak dynamic pressure provide
a satisfactory description of the shock front; but
in a few situations a more detailed description is
required. An example is the problem of dynamic
pressure- acting on a moving target. For this
problem, the dynamic pressure data presented in
paragraph 2-8 and Problem 2-2 cannot be used;
instead, the dynamic pressure must be calculated
from its defined value,

q =..!...p u2
2 s •

where u is peak wind velocity with respect to
the target. To calculate this velocity, the peak

-···wind velocity with respect to the ambient air
must be evaluated first. This velocity may be
calculated from the equation

!# ( ~i A/J)-1/2
u= 1+ "-.

~ ~ p .

where t: is the ambient speed of sound in air, "( is
tte ratio of the specific heat of air at constant
pressure to the specific heat of air at constant
volume, and the other quantities have been de·
finp" The value of"( for air at moderate temper
atures and pressures is 1.4. Using this value, the
peak wind velocity becomes

14 =~. c
7P VI + 6Ap/7P

The value of the density, Ps' "r the air behind
the shock front is related to the ambient den
sity, p, by

which becomes

2-30

!.s = 7 + 6Ap/P.
p 7 + Ap/P

for 'Y :: 1.4. A third equation of interest is that
for the shock velocity, U. which is

V =C (1 + 'Y + 1. Ap)ll2
2"( P ,

which becomes

(
6!l.p)1/2

V=e 1+V

for 'Y :: 1.4. These are three of the Rankine
Bugoniot equations, which are described in
m~etail in Appendix A.
,.. A consistent set of units must be used in

the equations presented above; however, since
the pressures always appear as a ratio, if consis
tent units are used for the specific heats to ob
tain "(, as was done in obtaining a value of 1.4
for moderate temperatures and pressures, the
only p,recaution necessary is to express Ap and P
in the same units. Then u and U will be u¥ the
same units as c. and Pa will be in the samiJ units
as p. Appendix B provides conversion factors for
the various units. As mentioned previously,
these equations and others are discussed in more
detail in Appendix A. For convenience, a nor
malized set of values of these shock. front param
eters is shown in Figure 2·12. Since all quantities
are normalized with respect to local (ambient)
atmospheric conditions in Figure 2-12, neither
yield nor altitude IC8ling is necessary. The con
stants to which the values of the various param
eters ,are normalized may be obtained from
Tables 2·1 or 2-2.
~ It is frequently con'fenient to relate the

per'dynamic pressure and the reflected over
pressure to the incident overpressure. Figure
2-13 shows such a relations.'rlp. The data in Fig
ure 2-13 may be obtained from other fIgUres and



•scaling relations in this chapter; however, this
figure presents one convenient relation between
peak overpressure and both peak dynamic pres
sure and reflected overpressure. The reflected
overpressure curve in Figure 2-13 is for a nor
mally incident blast wave, i.e., the reflecting sur
face is facing the direction of propagation of the
incident blast wave. The curve is convenient for
obtaining estimates of the peak reflected over-

pressures for systems subjected to a normally
incident free air blast wave. Rt,tlected pressures
are discussed in more detail in, paragraph 2-17.
The reflected and dynamic pressures may be
read directly from Figure 2-IOi for any specific
overpressure at sea level. For intermediate alti
tudes (up to 40,000 feet), the ))ressures must be
scaled as described in paragraph 2-14 and illus
trated in Problem 2-8.
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plpo :: 0.375.

p,/p ;= 3.1. and

pslp :: 3.5, respectively.

p ;: 0.375 Po ;: 8.92 x Ht" slugs/ft3 •

~ 1 =: 84 + 14.7 :l: 12.6 =67 ± 09
P + 14.7 " .

Since Po ;: 2.38 x 10-3 slugs per cubic foot for
the standard atmosphere (footnote. Table 2-1).

From Table 2-1, the air density relative to sea
level is

Since shock strengths are equal at equal scaled
distance. this is the shock strength of interest.
Figure 2-12 shows that the density ratios corre
sponding to shock strengths of 5.8 and 7.6 are

The reliability statement of Problem 2-1 suggests
a :l:15 percent tolerance for this overpressure.
Therefore the shock strength is

Problem 2-7. calculation of the Peak Density Behind thl Sheck Front for
an Intermediate Altitude Free Air Explosion

II Figure 2-12 shows normalized values of
the shock front velocity, peak particle (wind)
velocity, and peak density for a shock wave in
free air ~s a function of the shock strength. The
shol:.k and particle velocities are normalized to
the Icc::! (ambient) speed of sound. which may
be obtained directly from Tables 2-1 or 2-2 as a
function of altitude. The peak density behind
the shuck front is normalized to the local air
density. which also may be obtained from
Tables 2-1 or 2-2 as a function of altitude bymitds illustrated in the example below.

Scaling. Since all quantities in Figure
2- are normalized, no scaling is required; how-

-'-ever, for intermediate altitude bursts. the shock
strength at a specified distance must be deter
mined by the blast scaling factor described in
Pliraaph 2-14, asI'ustrated in the example.

Example
'iven: A 10 I{ explosion at 30,000 feet.

Find: The air density just behind the shock
front 1.000 feet away and at the same altitude.

Solution: In order to find the shock
strength, the peak overpressure must be deter
mined. From Table 2-1. the altitude scaling fac
tor for distance at 30,000 feet is

Scs '" 1.5.
Answer: The air density just behind the

shock front is expected to lie between

The scaled (1 kt) distance at sea level corre·
sponding to 1,000 feet from a 10 kt explosion'at
30,000 feet is

P, :: 3.1 x 8.92 x 1(14

:r: 2.8 x 10"3 slugslft'

d :: d :: --.!:OOO ;: 310 feet.
I Sd W1/3 • (1.5)(10)1/3

From figure 2-2, the corresponding peak over
pressure is

Ap ;: 84 psi.

and
P, ;: 3.5 x 8.92 x 10-4

= 3.1 X 10-3 s!ugs/ft3 •

~
eltabillt)' II
The curves in Figure 2-12 were calcu

lated rom the equations and the equation-of.
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•state data in Appendix A. At sea level, these
curves are br.=lieved to be accurate within a few
percent. The high degree.of accuracy of these
data results from the use of pressure rather than
range as the independent variable; uncertainty in
the pressure-distance curve does not affect the
accuraC'· of these CUlves directly.

• Altitude scaling of shock front and
partirvelocities is. for the range of shock
strengths shown in Figure 2-12, accurate within
a few percent even at altitudes as high as
300,000 feet. Density scaling is accurate within
1 or 2 percent for shock strengths below about
60; at higher ~1ock strengths, the accuracy de
pends on both shock strength and altitude. At

100,000 feet, the scaling error is about 2 percent
of the calculated value for shock strengths below
100, below 10 percent for shock strengths below
500, and below 20 percent for shock strengths
below 900. At 200,000 feet, the error is about 2
percent for slaock strengths below 60, below 10
percent for shock strenJths below 80. below 20
percent for shock strengths below 130, and rises
to almost SO percent for a shock strenstb of
900. Whenever these errors are large, they are in
such a direction that actual density is higher
thKlculated density.

Related Material: See paragraphs 2-14
an -I S. See also Problems 2-1 through 2-6,
and Appendix A.
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Problem 2·8. Calculation of Peak DyMmic Pressure
for a Specified Overpressure

• Figure 2-13 shows the peak reflected
overpressure at nonnal incidence and the peak
dynamic pressure as a function of peak overpres
sure for explosions in a standard sea level atmo
sphere.
til Scaling. For intermediate altitude bursts

(u"" 40,000 feet), overpressure and dynamic
pressure are scaled by the factors given in para
graph 2-14, i.e.

Ap =: fv1c;Sp.

q =qoSp'

• Example II
Gil'en: An explosion at 50,000 feet alti

tude.
J<1nd: The peak dynamic pressure at a point

coaltitude with the burst where the peak over
pressure is SO psi.

Solution: Frem Table 2-1, the pressure.
scaling factor is

Sp = 0.115.

The corresponding sea level overpressure' is
_ l.p _ 50 _ .

Apo - Sp - o:m - 435 pSi.

From Figure 2-13. the peak dynamic plressure
corresponding to a peak overpressure of 4·35 psi
is I .000 psi.

Answer: The corresponding peak dynamic
pressure at 50.000 feet is

q =q..,Sp ;:: (1.000)(0.115) = 115 psi.

~eliabtlity •
-.The: error in scaled values of dynamic

pressure obtained from Figure 2·13 varies in al
most exactly the same manner as the error in
scaleMnsitYdescribed in Problem 2-7.

The curve in Figure 2-13 for peak re
flecte overPressure may be scaled accurately
over the approximate range of altitudes and over
about half the range of shock strengths for
wMdynamic pressure scaling is accurate.

R.elated Material: See paragraphs 2·)4
an -IS. See also Problems 2-) and 2·2 and
AppendixA.
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2-16 Meteorological Phenomet:ll II
• Nonunifonnities in the atmosphere can

pr:e mild focusing and disp~rsing effects
that strengthen some portions of the blast wave
and weaken others. Although these effects fre
quently occur near the surface, they are possible
ai any altitude and they may affect the blast
wave in free air.

• The manner in which these meteorologi
ca~enomena modify the blast wave may be
illustrated by considering a layer of warm air,
centered at burst altitude, as shown in Figure
2-14. Since the shock front velocity is greater in
the warmer air, the shock front deviates from a

perfect sphere. The modified shape causes the
portion of the sh.ock front that propagates
through the warmer air to diverge and become
weir than the shock front as a whole.

At high shock strengths, the velocity of
the sock front is much greater th~n sonic veloc
ity. and it is a strong function of shock strength.
This property tends to maintain a spherical
shock front in spite of perturbations such as
shown in Figure 2-14. Weakening the shock
front reduces its speed, and the advance of the
bulge becomes slowerl'elati\'e to the remainder
of the shock front. This limits the distortion of
the sphere and the divergence and weakening of
the shock wave within the heated layer.

Figure 2-14. a Distortion of Blut Wave by
& S,tr.turn ~f W.rm Air II
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.. At low shock strengths, the reaction is
dirr;:'nt. The shock front velocity is only slight
ly greater than sound velocity and it is relatively
insensitive to changes in shock strength. Devel
opment of a bulge and local weakening of the
shock front can proceed much farther before
changes in shock strength produce velocity
c~es that oppose further distortion.

• For these reasons, a high overpres.sure
blasl wave is relatively insensitive to atmospheric
disturbances, but a low pressure blast wave may
be strongly affected. The factors that cause the
disturbance can be any atmosphenc nonuni
fonnities that tend to distort the spherical shape
of the shock front. Examples include shear
wit·d and temperature gradients.

Shear winds are winds that change in ve-
__.10 I Y with changes in altitude. The velocity

change may be in direction, in magnitude, or in
both. Below 60,000 feet, the nonnal tempera
ture graditnt of the atmosphere produces lower
temperatures at higher altitudes. This pattern
tends to deflect blast energy upward. A tempera
ture inversion is an increase in temperature with
increasing altitude. This occurs normai~y at hish
altitudes. Above about 60,000 feet, tempera
ture normally rises gradually with increasing alti
tude. The relatively sharp inversions 1hat occur
when a mass of warm air covers a mass of cold
..l.. "".. of more concern in blast calculations.
Such an inversion can act as a mild reflecting
surface, and downward deflection of th(~ blast
wave is intensified when the burst point is below
the inversion. .
IIIIlThese atmospheric effects normally pro

dur6nlY small deviations from predicted over
pressure except for overpressures that are a sman
fraction of a psi. Larger deviations normally oc
eur only when the blast wave is exposed to in
homogeneities in the atn'losphere over ar" ex
tended path. For example. when ~'te: burst and
the target are at lOW ilJtitudes and over 10 mUes
ar-m, oliserved overpressures hz-ve exceeded ten

times the predicted values. Such strong focusing
.effects are possible only when sound travels fast
er aloft than it does on the ground. Incidents of
this type itave often been associated with the
high winds in the jet stream; in these instances.
abnormally high overpressures are observed only
in the general direction of the wind motion. Pre
diction of the magnitude of the deviations that
inhomogeneities in tile atmosphere introduce
into the values of the blast wave parameters is
complex, and presentation of numerical
methods to estimate the magnitude of these
effects is beyond the scope of this manual.

•
BLAST-WAVE 'fl.OMENA

THE SURFACE ,.
A,.:"

.. When an air blast Wllve strikes a denser
m:m such as the earth·s surface, it is reflect
ed. If the surface is hard and flat, and if the
incident blast wave has a very low peak overpres
sure~ reflection followi simple laws, much like
the reflection of light. If overpressures are mod
erate or biJb, or if the surface acts as a nonideal
reflector, interactions between ta'1e blast wave
and the surface can be complex. Study of the
blast wave at the surface is largely concerned
with these complex aspects of surface inter
actions.

2·17 Reflection It Norm.' Incidence •
• The peak reflected overpressure, b.p •

pr:ced by a normally incident· blast wa:e

eAlthouah the wdou. way. of 4elCribilll the male at whJch
• blut waw otrike. a Pace 11ft quite tpedl'ic, they lie aot &J1
~tent. A bJut wave that ICrikeI • ...race beacl-on la IUd to

:'~=~trih'*:~cec;::.o~o~O::~
of irlddtnct la defined u tIM MIle between tile Ihock front an4
the ftfJectiDlllllface; its ftlue .. O· for I beId-on Interaction.
~D of I bIIIt wa. ,..,..._ .. the surface u it
Itrikea a ritilll IIope la deacribel1 In tams or aIope anale, and
tJope IDIIe II JIqe for • Iiiep 1Iope. l'be head-on Incmction
that 00IIId occur at the face or • dMf (I·CCUII at allope MIle of
'fl.

. I I 'u '.
J/ I " I

I ~



.dS on thc"·peak overpressure~ Ap, and the
ptak dynamic pressure, q, of the incident blast
wave. An approximate equation for peak reflect
ed o·verpressure (valid for shock strengths up to
6 or 7, i.e., or overp'ressures of about 75 to 90 at
sea level) is

I:r.Pr = 2~ + h + 1) q,

where /.)pr is the peak reflected overpressure,
a::d the other quantities have been defmed. If..,
is taken to be 1.4 (see paragraph 2-15),

Apr = 2Ap + 2.4 q.

Using the dermed value of q.

q =1. P u2
2 5 •

and the Rankirae-Hugoniot equations introduced
in paragraph 2-15 leads to the relation

_ Ap2

q - 2.,P + (oy + 1).Ap ,

and, if ., =14, this becomes

S Ap2
q = - • ---,;;;:;.--2 7:;) A ... •':. +..,.

Inserting this value of q into the equation for
the reflected overpressure gives

lip =2/ip (1 + 41ip/P)
r 1 + Ap/P

II This equation sho:.vs that~ in the limiting
case of low ovef!:"---essures (at overpressures suf
ficiently low that dynamic pressure is negligi
ble), the peak reflected overpressure is simply
twice the peak overpressure of the reflected

wave. This relation is a general one that is valid
for any &ngle of incidence. It is valid because at
low overpressures the reflected shock wave has
the same strength as the incident shock wave.
and the peak reflected overpressure is the sum"
of the overpressures of the incident and renect-

ed.S.
As Ap becomes very larae the equation

given above indicates that the peak reflected
overpressure rises to eight times the incident

~tionof tbJa expnalon for q wiU be proWled, but
o.~~ example wiU be "own below to ....btilt\ its ft·

Hdity. The value. fOI p. and II Ibo'fill In pu.-ph 2·15 for.,,,
1.4 are

•. 171'+ 6~)
p•• p\ 71' + lip

SAp C

II III 7P •_-;:;17;;P=+:;6A!:;:::~

V 71'

2 2SA!2 c2
II .-.----~71' 11' + 64p

1 [ (71' + ~\1~SIip2 c2 ]
II -Tt\ 71''' ~~[7P. 71' .. 6Ap

RearnJllinst~ bl~exprellllon leada to

q.~.,;~:~]~. p;2]-
It will" Doted tlJat the fir.. tonn ill buckets CODeIpODds to the·
exp~aIon previoUily liven for II- It Ibould abo be noted tlJat
tbl} ecoDd tenlIln bncketa II dimeftlionlell ace both DU-
merator and dnominator arc til IIIlltaof force per lIIIit The
.,.lewl _uea of the paramefien In the IeCOncS term arc

c • 1,116 't/ac

p • 2,111 ,.,."tJ
ImertiDI t!leIe YaIuu into tile__tinaPi

(.!) (2.38 x IO-3xl,116)2 •
1 2,l11 1.



appropriate conditions. overtake and merge with
the incident shock. This fonns a single shock
front. called the Mach stem, wbich produces
hiaher peak overpressures and pe-ak dynamic
pressures at or near the surface than would be
produced at the same distance in free air. The
characteristics of the blast wave at or near the
surface depend on yield. height of burst, and
properties of the reflecti,ng surface. The region
where the incident and lt~f1ected shocks have not
merged to fonn a Mach stem iG referred to as the
region of regular reflection; the region where
they have merged is referred to as the region of
Mach reflection. As the Mach stem travels along
the surface, the triple point (the point of inter
section of the incident wave. the reflected wave,
and the Mach stem) rises.

2·19 Blast Phenomena for Bursu
. in the Transition Zone II

_ When tbe height of a burst is less than
about 160W1 / 3 feet. additional phenomena af
fect the blast wave. If the burst is very close to
the surface, within about sWO·3 feet, fusion of
the incident and reflected waves is complete.
and the blast wave bas a single. approximately
hemispherical shock front. A burst this close to
the surface is called a contact surface burst. The
single shock front of a contact surface burst may
be considered a special case of Mach stem forina
tion in which the stem extends over the entire
shock front.
.. If a warhead is detonated above sWO·3
fe~t below •.bout 160Wl/3 feet, the portion
of the reflected shock front that passes through
the central region of the fueball moves fast
enough to overteke the incident wave and fuse
with it. The blast wave thus fOa-ms a single shock
front above the fireball. a double shock front
between this area of fusion and the triple point
(or the ground if the Mach stem is absent). and a
single shock front below the triple point. The
strength of the fused V.lave above the fireball

Figure 2-15.11 GrrNlth of the Mach
Stem (ldeaBzed) II

"--.....IION or UQlIIlf\I.;CT1Olt •
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II
overpressure. However. this equation fails at
these high overpressures. It is based on the
as~'Umption that " has a ronstant value,. but 'Y
drops to values below 1.4 in strongly shocked
air. More accurate calculations for the high
shock strengths show higher reflected overpres
sures than this equation predicts.

_ Users of this manual will not use the
eqJlfrcm for reflected overpressure very fre
quently; they will use it principally as an aid in
understand~ng the reflection process. The nu
merical results that ordinarily are needed already
have been calculated and have been incorporated
in the various figures in this chapter.

2-18 Regular and Mach Raflection II
• The interaction between a blast wave

---l1nd the surface of the earth is shown schemat
ically in Figure 2-1 S. The reflected wave near
the surface travels through a region that is heat
ed and made denser than the ambient atmo
sphere by the incident shock front as it passes.
Since shock front velocity is greater in heated
air. a portion of the reflected shock can, under

..

,
1

..

2-40



il

...

..

,~.
'- "

• ,

varies with burst height. Unless the burst is con-
siderably closer to the surface than 160W1/ 3 ,
the reflected wave only makes a weak contribu
tion to this portion of the blast wave. One rea
son for this weak contribution is that the reflect
ed shock front is strongly attenuated by spher
ical divergen~ (produced by the lens-like acHon
of the frreball). Another factor may be the at
tenuation resulting from the dissipation of ener
gy when the shock front passes through heated
air. The region between about sWO·3 feet and
160W1/ 3 feet is called the transition zone, and a
bunt within this region is a surface burst for
puwses of air blast phenomena.

If a burst is above the transition zone,
fUSIon of the incident and reflected shock fronts
is confined to the Mach stem region, and the
burst is called an air burst. An air burst that only
produces weak reflection effects at tl" ~ .turface is
called a free air burst. The properties of suell
explosions were discussed in paragraphs 2-7
through .2-12. A low air burst is sometimes
called a near surface burst. As described in Chap
ter I, the limits of the scaled heights of burst as
well as the scaling laws for defming the various
zones are different for the various phenomena.
The defmitions given above for the heights of a
contact surface burst, Il surface burst, the transi
tion zone, and a free air burst only apply to air
blast phenomena.

2-20 Naer-Id'AaI lind t,lohideal
Surface Conditions til

.. An ideal surface is defmed 1lS a perfectly
nar::rface that reflects all of the ene~, both
thermal and blast, that strikes it. No part of the
surface of the earth is ideal in this sense, but a
few surfaces act essentially as ideal. These sur
faces are classified as J'lear-ideal. A near-ideal sur
face is one that pro'vides blast wa've phenomena
th&t are essentially free of the mechanical and
thermal effects that ate described in succeeding
paragraphs. Some of the surfaces considered

., .. - . _.- '

..

most nearly ideal are reasonably flat and consist
of ice, hard-packed snow. frozen tundra, and
w..
.III The phenomena that are characteristic

. of a mechanically nonideal surface are illustrated
best by examples. When a blast wave that is
traveling along a flat plain sudl'enly encounters a
rising slope, a stronger overpressure impulse is
produced than if the surface had remained flat.
Buildings can decrease overpressure in certain
areas by providing shielding from the blast; they
also can increase overpressure in other areas by
reflecting the blast wave. A very thick layer of
snow wiu absorb a large amount of the blast
energy that strikes it, which will produce a lower
reflected overpressure than a near-ideal reflect
ini:i"'ace.

_ In most cases, blast wave calculations
over mechanically Donideal surfaces are perform
ed by frrst fmding the desired blast parameters
over a near-ideal surface. The results thus obtain
ed then are corrected to account for the changes
in blast wave properties produced by the me
chanically nonideal features of the surface.
.. The phenomena produced by ather

m~nonideal surface can distort overpressure
and dynamic pressure wavefonns of the niasl
wave at the surface. Whether or not the distor
tions are significant deperids on height of bunt
and yield as wen as the properties of the surface.
Severe thermal effects are accompanied by the
formation of a precursor, which alters several
blast parameters severely. Precursors are de
S~'bd in the following paragraph.

Thermally nonideal surfaces may be de
fme loose~y as those that absorb heat; ther
mally near-ideal swfaces reflect thermal energy
incident upon them. Radiation from the fU'eball
incident on thennaUy nonideal surfaces pro
duces a layer of heated air that interacts with
the blast wave, and which may form 2 precursor.
This type of surface is sufficiently common that
nearly all blast wave data at the surface are pre-
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•sented as two sets of charts: one set for near-
ideal surfaces, and one set for thennally non
ideal surfaces. Methods of classifying surfaces
with respect to thennal properties are discussed
in paragraph 2-22.

2·21 Precursor Formation _

• Thennal radiation from the flfeball of a
su~e or near-surface burst can cause the sur·
lace 01 the earth in the vicinity of ground zero
to reach a temperature of several thousand de
grees in a short time. "Popcorning" may then
occur, wherein volatile substances vaporiz~

explosively, throwing hot particles into the air:
This (or similar heat transfer processes) produces
a l~yer of heated air just above the surface al·

. most instantly. When the height of burst is less
than 6S0W1/ 3 f~et, and when the earth is'dusty
and dark in color, the thennal layer usually is
intense enough to disturb the blast wave near
th.i.i'0und surface seriously. .

111II Under ideal conditions, none of the
energy in a blast wave can propagate faster than

MACH STEM

LATE DEVELOPMENT

the shock front itself; thus, the shock front
forms an envelope within which the blast energy
is confined. The thennal layer, however, pro
vides a way fur this e-nergy to penetrate the con
fining surface. The energy in a blast wave propa
gates faster through hotter air, and the thennal
layer allows energy to move ahead of the main
shock front, which produces shock wave pat
terns such as those shown in Figure 2-16. The
auxiliary blast wave that moves ahead of the
main shock wave is called a precursor.

•
AlthOUgh the details of precursor fonna

tio e not well understood, its general patterns
of pressure and flow have been observed and can
be described, After the precursor forms, the
main shock front no longer extends to the
ground; if it does, the lower portion is so weak
ened and distorted that it is not easily recog
nized. Between the groami iU~d the bottom edge
of the main shock wave is a gap, probably not
sharply defmed, through which the energy that
feeds tl.:e Precursor may flow. Wind speed in this
gap is higher than the wind speed behind the

(J
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•main shock front.· Overpressure in the gap is
lower than that behind the main s.hock front,
and it is this overpresSure difference which pro
duces the higher than ideal wind velocities in the
gaa-

• Ahead of the main shock front, the blast
energy in the precursor is free not only to follow
the rapidly moving shock front in the thermal
~yer, but also to propagate upward into the
undisturbed air ahead of the main shock front.
A neaT-equilibrium condition exists, because the
energy continually fed into the precursor from
the main blast wave tends to strengthen the
precursor shock front, and the diverging flow
pattern within the precursor itseif tends to
weaken it. .11 This description of what happens within
a precursor explains some of the precursor char
acteristics shown in Figure 2-16. Only that por
tion of the precursor shock front remaining in
the thermal layer travels faster than the main
shock front; the energy diverging upward, out of
this layer loses some of its forward speed, and
the intersection of the precursor and main shock
fronts indicates that the main shock is continual
ly overtaking this upward-traveling energy. Dust,
typically billowing to heights of more than 100
feet, shows the upward flow of air in the pre
cursor. At later times, the lower edge of the
main shock front is distorted by the action of
th~ecursor.

.. Overpressure and dynamic pressure
wafCicirms add information to that supplied by
blast wave photographs. Typically, the 'Wave-
form of a fully developed precursor .'shows a
rounded leading edge and a slow rise to its peak
amplitude. In severely disturbed waveforms, the
pressure jump at the leading edge may be com~

pletely absent. These characteristics indicate
that the preci.:.~rshock front is strongly attenu
ated and that, at leCi~t close to the ground, the
precursor does not always have a true shock

. ,,/ ". . . I

front of significant amplitude. These results are
consistent with the diverging flow pattern de
8I'mbed above. Dynamic pressure waveforms
often have high frequency oscUlations that indi
cate severe turbulence. The long time durations
seen in both overpressure and dynamic pressure
waveforms indicate two effects: the early anival
of the initial pressure disturbance, and the sus
taining effects of the strong winds developed
within the precursor.

•
Peak amplitudes of the precursor wave

form show that overpressure has a lower peak
value and dynamic pressure has a higher peak
value than would appear over a surface that did
not permit a precursor to form.t The drop in
peak overpressure indicates the energy expended
in producing the higher than ideal wind veloc
ities. The higher dynamic l'fessure is partly due
to the higher wind speeds, but dust loading, the
increase in effective air density resulting from
particulate matter carried by the wind, is believ
ed to be a more important factor.

• Additional information on precursors,
pa:larly a description of typical precursor
overpressure and dynamic pressure waveforms, is
given in paragraphs 2-31 and 2-32.

a;;;mpdns to think of the wind in tile lIP at movinl
r&'th;nihe main shoct front. Howem, two wloc::lties chanc·
terize I I1Iock Wive: wind ftlodty Afid shock front ftlocity. The
wlocity of the main shock front is the ~Iocitlf of proplption of
the elletlY in the aWn shock. It Ihoukl be complIC4 DOt to the
wind IJlOId 1ft the pp but to the wlocity with whkh hydro
dynamic~ propapleS tJlfoulb the lip.

-In an kIeI1 blaSt WlW, this rellti\lc lIriation of polk wlues •
~.d be Im~ldblc. Pak overpreuure and peak dymmjc pre..
aarc bave I rllXf'4 relation to oae another, tpedf"led by the
1WlJdnc.H\IIOIlIot QIClUitions (parqraph 2·17 UK! Appenclix A).
Howowr, theIe equations oQr bold at the shock front. It' an
Ideal blast waft, lIMM:It.frollt amplitudes are a1Io peak unpli.
tlldes, but ma precunor the peat values do lIot occur It the
Ihoct front. Dill .... NIatioD ........ tbem Is DOt IImlted by
thele equations.



2-22 Identification of Th8rm~Near-ldeal

, and Nonideal Surfaces •

! To predict bl ast·wave parameters accu
rate. y, the reaction of the surface to thennal
radiation from the ftrebaU should be known. Nu
clear tests have shown that a few specific types
of surface act essentially as thennally ideal sur
faces and a few others tend to produce a signifi
cant thennallayer. Unfortunately, a theoretical
model that quantitatively explains the phenome
na of surface reaction and precursor fonnation
has not yet been developed. Without such a
model, the response of untested surfaces canRot
beledicted with assurance.

Despite this uncertainty. predictions
have een made. Surfaces are classified as either
thermally near-ideal (unlikely to produce signiti-

..~nt precursor effects) or thermally nonideal
(expected to produce a precursor for suitable
combinations of burst height and ground dis
tance). No other categories are used, i.e.• no
attempt is made to subdivide surface classifica-

tions according to the strength of the precursor
that can form.

II Examples of sUffaces that are considered
thermally near-ideal and thennally nonideal are
shown in Table 2-3. Items in the table that are
confrrmed by experiment are marked with an

asW"
Dark surfaces tend to be thermally non-

ideal. because they absorb thennal radiation
from the fireball. Ught (reflecting) surfaces. tend
to be near-ideal. Asphalt is the strongest
precursor-forming surf~ce for which test results

alown.
The effect of moisture has not been

es a lislled defmitely. Since any specified
amount of absorbed energy can raise the temper
ature of a dry surface more than the same ab
sorbed energy would raise the temperature of a
wet surface. moisture is expected to inhibit the
formation of a thermal layer. This should be par
ticularly true when the moisture is in the form
of ice. Nuclear tests show that the dry. sandy

Table 2-3. • Examples of Thermallv Near-Ideal and
~mallY Nonldeal SUrf~ II

Thermally Near-Ideal
(precursor Unlikely)

·Water

-Ground covered by white smoke layer

Heat reflecting concrete

Frozen tundra

Ice

Packed snow..
Moist soil with sparse vegetation

Comnlercia1 and industrial areas

Thermally Nonidea1
(precursor may occur for

low air bursts)

·Desert lind

-tort'
~At\phalt

~Surf.ces with low. thick veaetation

·Surfaces covered by • dark Intoke layer

Dark colortd rock

MOlt aaricultunl areas; Residential areas in cities

Dry IOU with sparse veaetation

• -----------------~_._----_..._---------------
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soU of the Nevada Test Site is thermally non
ideal, and that water is a near-ideal surface (how
ever. a blast wave over rough seas may fill the air
with spray and produce a dynamic pressure ef
fect similar to the dust loading encountered over
desert surfaces). Untested surfaces classed as
thermally near-ideal are listed in Table 2-3 in
the order of increasing uncertainty.

•
Sparse vegetation probably should be

ian . Leaves or thick vegetation shield the
,round, prevent popcoming, and minimize dust
loading, but they also generate a heat-absorbing
cloud of dark smoke when they absorb radiation
from the fU'eball. The gases driven from the
leaves have hjgh sonic velocities. As a result,
they create a thicker, and probably cooler. ther
mol layer than that formed over desert sand or
asphalt. Taller vegetation is expected to produce
a thicker thermal layer and a stronger precursor.
The REDWlNG-Inca shot, over a surface covered
by low grass and vines dominated by broad
leafed shrubs about 10 feet high, produced a
precursor, but the characteristic precursor wnve~
forms were apparently suppressed to some C~

tent because higher-than-ideal blast-waveveloc
ities near the surface were eliminated by the
velltation.

Tests at the Nevada Test Site show
w ened precursor action over areas covered by
dark smoke (the surface was desert sand whict.
fonns a strong precursor). Presumably the
ltUlUA~ absorbs enough heat to form a thennal
layer, but it shields the ground to prevent pop
coming and dust loading of the air•

•
Variable conditions occur in cities. Com

me 1 and crowded industrial areas are expect
ed to act as thermally near-ideal surfaces. Al
though these areas eentain many surfaces that
are favorable to precursor formation (e.g.,
asphalt-coated roufs), a continuous thermal
layer would not be expected. The tendency to
form a precursor would be offset by its diffi
cultY in propagating tbroup a heavily built up

area. In typical residential areas, where the
buildinp are neither as close nor as taU as those
in commercial areas, the surface is considered
thermally nonidea1.

II The preceding descriptive information
does not always provide clear guidelines for clas
sifying surfaces. For example, the rules that
mipt be applied to black, moIst soU are con
flicting. In such cases, blast-wave properties
should be calculated for both near-ideal and
thermally nonidea1 surface conditions in order
to bracket the blast effects that can actually be
expected.

II BLAST-WAVE CALCULATIONS
AT THE SURFACE •

til Height of burst (HOB) curves provide
most of the data required to calculatebl Gst-wave
properties at the: surface. The HOB charts in this
subsection each show the distance from ground
zero as a function of height of burst for several
values of the various air blast parameters that
would be expected to occur along the sur/ace as
a result of a I kt explosion.- For instance, any
point on a curve for specified overpressu" (see
for instance Figure 2-17) shows a combination
of bum height and ground distance Itt which a 1
kt explosion vIm produce that overpreSSUJe at
the surface of the earth. Alternately. if a 1 kt
burst occurs at a location concspondina to lOme
point on a given overpressure curve, a taraet at
thii[igin will receive that overpressure.

• Separate families of curves are provided
for near-ideal and thermally nonideal sUrface

.... deIcrIbed mptIIIIaph 2-13, tile ~tI or l!unt aDd
diltaDoel from IIOlUtd leN COl&Id be .xpra_ in...0,......
diIWlc:es, 1:1/1'1/3. wltIa w.... tile ,.1cI In k1. fir .

,1IInCe otJler lawIappty to other ,1leDomeaa. the __
tion or .xpse abtoJuti diItIMn fIom • 1kt .xplolioD ...
tie -mtalald t tM ....... of tills .fIr-'
tbrouahout tile -..L -..aed dillalloe." _~•
..... smJoD 1. aa.pter 11. tile eucptiotll wI1 be WnW
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conditions. Guidelines for classifying surfaces
with respect to thermal properties are provided
in p9!agraph 2-22. The effects of mechanically
nonideal surfaces (paragraph 2-20) are discussr.d
in~aphs 2-37 through 2-41.
..,.Many of the HOB curves show whether a

given point on the surface is in the region of
regular reflection or the Mach stem region (para
graph 2-18). This infonna~on is helpful if the
target is some distance above the surface, be
cause it indicates how closely bl Dst·WDve data at
the surface correspond to bla~t·wavedata at the
target. The effect of target height onblast-wave
parameters is discussed in paragraph 2-29.

•
The data for overr--essure and dynamic

pr: re are peak values, regardless of where
these peaks occur in the blast waveform. In an

-~undisturbed blast waveform, these peak values
occur at the shock front. If a precursor is pres
ent, they usually occur later in the waveform.
Precursor overpressure and dynamic pressure
waveforms are described in paragraphs 2-31 and
2-32.III Whenever ambient atmospheric condi
tions are different from standard sea level condi
tions (14.7 psi, S9°F), calculations of blast·wove
parameters at the surface are more ac~urate if
the altitude scaling factors described in para
graph 2-14 are applied. These factors may be
u-.:....J ~v.... il the dtparture from standard condi-

• tions is not caused by an altitude change.

2·23 Reliability II "
• Blast-wave data at the surface are subject

to'Ie'uncertainties described in paragraphs 2-1
through 2-6. As mentioned in paragraph 2-5,

: additional uncertainties arise because the earth is
not a perfect reflector. ConS"quently, the blast
wave at the surfa.ce is inherently less predictable
than the blast wave in free air. Added to this
problem is the difficulty of obtaining sufficient
experimental data to cover all combinations of
conditions. A blast paramete~ in free air may be

represented by a single curve; at the surface, the
available data must be scattered to cover a fam·
ily of curves. Moreover, variable surface condi
tions require that more than one family be
plotted. Consequently, a Hmited number of nu
clear tests cannot document blast-wave data at
the surface as completely as in free air. The
usual reliability statements are supplemented in
this section by showing portions of the curves as
dashed lines. Tne solid lines are based u.pon ex
perimental data from full-scale nuclear tests; the
dashed portions are based upon theory and high
explosive experiments. In some cases, data for
the dashed portions of curves are based on the
assumption that for certain combinations of
ground range and burst height the data for ther
mally nonideal surfaces should agree with data
taken over near-ideal surfaces. In general," the
reliability statements apply to the dotted as well
as the solid portion fJf the HOB curves; however,
the reliability of the dotted portions is purely an
estimate, while the reliability stated for the solid
portions is based on expe~entaldata.

• Uncertainties in the data presented in
th:-ftOB charts usually are expressed in terms of

" ground distance rather than in terms of blast
parameters. This is an important distinction. For
example, a ±I0 percent uncertainty in eround
distance corresponds to an uncertainty in peak
overpressure that may be as high as :30 percent.
The curves become nearly horizontal close to
ground zero, and a variation in ground distance
produces very little change in blast parameters.
For these portions of the HOB charts, the uncer
tainty should be applied to burst height rather
than to ground distance. When a precursor
"forms, the air blast waveforms are distorted
severely, and prediction of blast parameters be-
comes highly uncertain. As mentioned in para
graph 2-2, the scaling of most blast-wave param
eters is reasonably dependable in the yield range
of I kt to 20 Mt; however, scaling become:s ques
tionable for yields over SO kt at thermally non-

)
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ideal surfaces as a result of the difficulty in pre-
dicting the criteria for precursor fonnation .

•
The scaling of subkiloton explosions at

s e heights of burst between I SO and 1,000
feet have shown large errors that correspond to
discrepancies as high as factors of 2or 3 in effec
ti"e yield.

II Additional uncertainties appear in the
measured data for contact surface bursts as a
result of less dependable experimental deter
mination of yield. This is caused in part by the
difficulties added to radiochemical yield deter
mination as a result of the large amount of
crater material in the cloud and to the uncer
taint), introduced into yield detennination by
fueball size that result from uncertainties in the
amount of energy absorbed by the eal ~h,

2·24 Peak Overpressull'8 •
• Figures 2-17 through 2-22 show the

pe~overpressureat the surface of the earth as a
function of height of burst and distance from
ground zero from a I kt explosion. Figure 2-23
shows peak overpressure as a function of dis
tance from ground zero from a I kt contact sur-

" face burst. The same data could be obtained in
less convenient form along tlle abscissas of Fig
ures 2-17 through 2-20.

• These fJgUres show that the same ground
range for a given peak overpressure is produced
by a burst either at the surface or some short
Qunance above the surface. At low overpressures,
th~ greatest distance from ground ~ero occurs
for an explosion at some higher distance above
the surface. This effect is prominent at overpres
sures of 15 psi and less, and contours for these
overpressures show a pronounced "knee" (the
knee is defmed as the extreme right projection
of a contour line).

_ Figures 2-17 through 2-20 apply to near
id~urface conditions; Figures 2-21 and 2-22

apply to thennally nonideal Sl~rfac:es (sugges
tions for classifying various typJS of surfaces are
given in paragraph 2-22). Figu',-e 2-23 applies to
near-ideal surfaces, but since the 1 kt reference
burst detonated in contact 'vith the surface is
not expected to fonn a precursor. the curve also
applies approximately to thermally nonideal
surfaces.

• The shaded areas in Figure 2~20 reflect
the uncertainty in the prediction of ve.ry low
overpressures. TIle shaded areas in Figu.'ts 2-21
and 2-22 comspond to the ground distances at
which precursor cleanup occurs. In this pheno
menon. the hydrodynamic energy of the blast
wave collects behind n single, well-defmed shock
front. forming a nearly ideal blast wave. As this
occurs, the peak overpressure usually rises
instead of undergoing the nonnal amount of
attenuation with increasing ground range. Uncer
tainty in the ground range at which cleanup
occurs is reflected in the HOB curves as addi
tional uncertainty in peak overpressure data at·
this range. This is indicated by shading of the 10
psi contour and a portion of the 15 psi contour.

2·25 Peak Dynamic Pressure •
_ Figures 2-24 through 2-26 show peak

dynamic pressure at the surface as a function of
scaled height of burst and ground distance from
a 1 kt explosion. These curves show conditions
after the blast wave has been reflected from the
surface; therefore, these charts do not represent
the dynamic pressure of the incident wave. At
ground zero the wind in the incident biast wave
is completely stopped by the ground surface,
and all of the incident dynamic pressure is trans
fonned to static overpressure. Therefore, the
height of burst curves show that the peak
dynamic pIeBSUre is zero at Jl'ound zero. At
other locations, reflection of the incident blast
wave produces winds that, at the surface, m\l\trt
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• •blow parallel to the surface.III The dynamic pres-
sures associated with these winds tend to pro
duce horizontal forces; hl\wever, the direction of
wind forces on a target surface depend not only
on wind direction but also on surface orienta
tion.II The thermal properties of the surface are
less SlgllifiCJI..n·~ for prediction of dynamic pres
sure than for most blast parameters. Dyn~ic
pressure only appears to be strongly enhanced
by dust loading (or, in the case of a water sur
face, spray loading) of the air, whether or not a
precursor is formed. The dynamic pressure
height of burst curves are therefore classed as
ideal, "liaht dust'" and "beavy dust" surface
conditions. Light dust conditions usually may be
taken to be equivalent to near-ideal surfaces, and

-~..beavy dust equivalent to thermally nonideal, but
there are exceptions. For example, a surface
covered by thick vegetation is (\xpected to pro
duce a precursor but little dust. Conversely, the
interaction of a blast wave with very rough seas
is expected to produce heavy spray loading but
no precunor.

II Figure 2-24 shows peak dynamic pres
sure at t;J1 ideal surface in the very high pressure
region. It is based almost entirely on theory, Jmd
does n.->t include dust loading effects (it should
be noted that the 200 ·psi contour f)f Figure 2-23
does nOl agree with tt1.at in either Figure 2-25 or
2-26). Figure 2-25 shows peak dynamic pressure
for light dust conditions, and Figure 2-26 shows
peak dynamic pressure for heavy dust condi,
tions. Since the latter is based on limited data,
height of burst curves can be drawn only for
scaled burst heights up to 300 feet. As a BUide to
the way in which the heavy dust curves might be
extrapolated, portions of the light dust curves
are shown for 1 kt burst heights between 330
feet and 600 feet. These latter curves do not
represent heavy dust conditions. They should be
used only as a guide to obtain roup estimates.

" Fiaure 2·27 is presented to aid in the

2&48

explanation. of the effects of dust on peak
dynamic pressure. The curves are drawn {tcm
data from Figures 2-25 and 2-26, and theore!iC'.a}
data for an ideal reflector. At a scaled ~,stance

of about 400 feet, the contribution of light dust
to dynamic pressure is about twice that of heavy
dust. This suggests that the inertia of heavy dust
limits its velocity initially and probably also
limits the velocity c,f the air in the blast wave by
the drag force it exerts. After these inertial
forces are overcoJme, heavy dust contributes
strongly to dynamic pressure. At a sc:aled range
of 900 feet, hea'i}' dust exhibits its maximum
effect, but the effect of light dust has diminish
ed considerably. This also suggests an inertial ef
fect acting to sustain the momentum of the air
in the blast wave.

• The explanation that has been given is
only one of several possible explanations of Fig
ure 2-27 and represents an oversimplification.
For example, the explanation does not include
the varying amount of dust that a given surface
adds to the blast wave as a function of range.
More detail may be found in DASA 1200 (see
bibliography).

• A large scatter exists in dynamic pres
sur-rTata under heavy dust conditions. This is
due to the nature and the varying amounts of
particulate matter in the air. Fine grains of sand
are lreadily carried by the air stream, flow with it
as II part of a continuous fluid, and present a
relatively small measurement problem. Larger

·.IThia ltatomcat fpon. the turblaIeaoe that iI ofton UIOC:i
.ted With dyumic pmauc. It It Wloutain whether or Dot Wf·

tical compoDCnu of air wJoclty ClOIltl'lbute to dpamJc: pnlalle
_ficand)'. a.s... Ito dyum.'cpreuure are .....
I)' AIOlUlCOd 10 U to be ...... ...., to tile !IodIolltil force
pmdllCOCl by dyauaic ~.,..F. tIdI INIOn Qk~' .eII U
thole III PflUm ~24~.,.._ oIIIIt labeled "IIo....tIl
ClOIDpoDOIlt of ely"'- .........." It It de*able to lwoi4~
,Julie. becaua It teadc to.,." .........,. tIIIt tile loren
procIllICle4 bJ' llYDUlllcpr-. DaY be mohed into eompoaeDti
tllat ClIft be taea1IOlI bJ' ........,nIHofwetor.1ft.
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•particles tend to plug lage openings, and th~ir

effect is difficult to measure. Large objects pic,k
ed up by the blast wave and thrown through the
air can be very 'destructive, but they cannot be
nteasured as part of a continuous pressure rec
ord. Arbitrarily, dynamic pressure has been
defmed as representing the effects of only those
particles that are small enough to behave essen
tially as air particles. Dynamic pressure as thus
idealized cannot fully account for the destl11c
tive effects of blast momentum.

2-26 Time of Arrival II
• Figures 2-28 through 2-32 show the time

of amval of the blast wave from a I kt explosion
in a standard, homogeneous, sea level atmo
sphere as a function of height of burst and dis
tance from ground zero.

2-27 Duration of the Positive
Phase of Overpressure and
Dynamic llressure II

_ Figures 2-33 and 2-34 present families of
curves that show values of the positive phase
overpressure duration (I;) at points along the
surface as a function of height of burst and
ground distance from a 1 kt explosion in a sea
level atmosphere.

lit Because of limited data, simDar curves
cannot be drawn for dynamic pressure; howe'Ver,
the data suggest that, as in the case of free air
(pJrasraph 2-10 and Problem 2-4), the ratio.of
these two durations is a function of pressure
level. Duration of dynamic pressw:e t+ may be
estimated by using the curves for poslhye' over
pressure duration and the relations shown in
Table 2-4. If surface conditions are such that
heavy dust (or spray) loading is predicted, the
longer tImes found in Figure 2·34 probably pro
vide a 'Jetter basis for determining t; even if the
surface is considered thermally near-ideal and
Figure 2-33 is used to determine t;.

T.ble 2-4. II Rel.tions Between 1he Positive
Duration of t Overpressure Blut W.ve tt:. and

the Positive Dunltion of the Dyn.mic Pressure Ct:)
for II 1 kt Explosion II

t+ t+
P q

(ICC) (sec)

0.1 0.25

.15 .33

.2 .34

.25 .35

.3 .39

.3S ,43

.4 .49

2·28 Overpreswre lmpul. •
til Figures 2-35 and 2·36 show the positive

overpressure impulse (paragraph 2-11) at the sur
face as a function of heilht of burst and ground
distance from a 1 Itt explosion in a sea level
atmosphere.

_ Formation of a Mach stem changes the
shape of the overpressure waveform by increas
ing the amplitude of the shock front without
changjng the area under the waveform appre
ciably. Consequently, the HOB curves for over
pressure impulse differ from the HOB curves for
peak overpressure in that the impulse curves du
not show a characteristic change where they
cross the boundary separating the region of
regular reflection from the region of Mach re
flcction~ Overpressure impulse at the surface
appears to be lPrimarily a function of .lant range;
it only fluctuates strongly as a function of re
fl~Ctinanate for low heiahts of burst.

Dynamic pressure impulse is another
im'po t bleaat-wave parameter, particularly
under thermaUy nonideal conditions. Unfortun-
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ately, it is a difficult parameter to measure, and
there are not enough deJtl1ndable data to allow
HOB curve& to be constructed.

2-29 MIlCh Stem Heights •
• The changes that occur in a blast wave as

the iflcident and reflected waves fuse to fonn a
Mach stem are among the changes associated
witb. reflection from a surface. A target above
the triple point, the top of the Mach stem (see
paragraph 2-18), receives two shocks that cone
spond to the lUTival of the incident and the re
flected waves. A target at or below the triple
point receives a single shock. As mentioned in
paragraph 2-25. the reflection process trans
fonns part of the incident dynamic pressure into
overpressure. Thus, a target below the triple

_'point is subjected to a higher overpressure im
pulse and a lower dynami:; pressure impulse than
a target above the triple point. Since a typical
airborne target is more sensitive to dynamic
pressure than to overpressure, such a target is
usI safer below the triple point.

The height of the Mach stem heigh'
af ects tall structures on the ground. The nature
of the response depends on whether the struc
ture is more sensitive to overpressure or to
dynamic pressure. The relative effects of a two
shock front wavefonn and a single, nearly
vertical shock wave also depend on the meehan
ieaMsponse properties of the target.

Above the triple point. the strength of
the lIst (or incident) shock Wflve may be found
from free air data, and the time: interval between
the two shocks depends on the height of the
target above the triple point. Below the triple
point, shock parameters may be approximated

. best by data from the HOB charts, i.e., from

2-60

data which, strictly speaking, apply only to tar
gets at the surface. When the !Waled height (that
corresponding to a I kt burst) of the Mach stem
is SO feet or less, blast-wave properties anywhere
on the stem are essentially the same as those at
the surface. For taller Mach stems, the shock
front becomes curved. 1bis modifiesblast-wave
properties along the stem. Pressure values de
crease and arrival times increase with height
above the surface. These variations have not
been studied as thoroughly as blast-wave condi
tions at the surface have been, and data to de
scribe them quantitatively are not presented
here.
.. The guidelines presented above must be

apPtred with eaution if a precursor is present.
The two disturbing influences, dust and the ther
mal layer, are confmed to a layer that is close to
the ground. Above the region that is affected by
the precursor, the near-ideal HOB curves are a
better representation of the blast wave. The
height above which the near-ideal curves apply is
net known, but it is estimated to be between SO
and 300 feet (physical, not scaled height) under
typical conditions.

• Although there are indications that the
hel;1rtof the Mach stem is affected by thermal
effects and by surface hardness, these effects are
not large, and the curves may be applied to both
near-ideal and thermally nonideal surfaces. Both
thermal effects and surface roughness will, how
ever, make the position of the triple point less
predictable.

III Figures 2-37 and 2-38 show the height
of the Mach stem as a function of height of
burst and ground distance from a I kt explosion
in 8 Stla level atmosphere.

)
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.,Figures 2-17 through 2-22 show the
pe~verpressure as a function of height of
burst and horizontal distance from ground zero
for a I kt explosion in a sea le;vel atmosphere.
Figures 2-17 through 2-19 provide data for ther
mally near-ideal surfaces. whii1e Figures 2-20
through 2-22 provide the same data for ther
lllctli) Honilieal surfaces. Figure 2-23 shows the
peak overpressure as a function of horizontal
distance from a contact surface burst. The data
contained in the curves of Figure 2-23 could be
obtained from points along the abscissas of Fig
ures 2-17 through 2-19; however, for some
applications, Figure 2-23 may be more con
venient to use.

• Scaling. For yields other than I kt. the
ground distance and height of burst for any
specific overpressure scale as follows:

where d1 and hI are the distance from ground
zero and height of burst. respeptively. for I kt.
and d and h are the corresponding distance and
heiWit of burst for a yield of Wkt.

.. ExnmTJle 1 •
Given: An S~ explosion 2.580 feet

above a thermally nonideal surface.
Find: The horizontal distance froIl2i'.ground

zero beyond which the peak overpressure wilt
not exceed 3 psi.

Solution:' The corresponding height (llf

burst for 1 kt is

h h 2.580 6'00 ti t1=-= = ce •
Wl/3 (S'O)1/3

From FiguT.e 2-22. al peak overpressure of 3 psi
extends to a distance of 2.900 feet from a 1 kt
explosioII at a height of burst of 600 fcet.

Answer: The corresponding distance for an
80 kt weapon at 2.500 feet height of burst is

d =dl Wll3 = (2.9OO)(80)1{3 = 12.500 fcet.

As a result of the ±IS percent uncertainty in this
distance (see "Reliabilityn below). the range be
yond which the peak overpressure will not
exceed 3 psi is

12,500 + (0.15)(12,500) = 14.400 feet.

II Example 2 •
Given: A 100 rr:'xplosion at a height of

2.320 feet above a near-ideal surface.
Find: The peak overpressure at a distance

of 1,860 feet from ground zero.
Solution: The corresponding distance and

ground zero and height of burst for a I kt weap
on are

d I =..!L = 1.860 = 400 feet.
WI/3 (00)1/3

hI = -1L = 2.320 = SOO feet.
W1/3 (100)113

Answer: From Figure 2-18. the peak over
pressure at a ground distance of 400 feet and 8\

he~tof burst of 500 feet is SO psi.
ellabtltry •
Ground ces obtained from Fia-

ures 2-1S, 2-19. and 2-22 are estimated to be
reliable within i:15 percent of the indicated
JfOund range (or HOB for points close to pound
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• •zero _. see paragraph 2-23). Figure 2-17 is ba.4led
on theory, confinned by only a few data points;
it is estimated to be reliable witbiln :t20 percent.
Figure 2-20 is reliable within :I:15 percent 'of the
indica'ted ground range, but the 1/2" 1/4 psi
cu.rves: are subject to the p .iditional uncertainty
indicaled by the shaded areas. Figure 2-21 :s bas
ed on data subject to considerable scatter from
thermal effects; it is esti:qlated to be reliable
within ±20 percent.

_For near-ideal surface conditions,

2-62

.....:

these reliability estimates apply to yields be
tween 1 kt and 20 Mt; for thermally nonideal
surface conditions, the estimates apply to yields
between I kt and 50 kt. Outside this range of
yields, these curves may be used with somewhat
less confidence.

• Related Material: See paragraphs 2-13,
2-1~-17 thrQugh 2-20, and 2-22 through 2-24.
See also Tables 2-1 and 2-2 for surface condi
tions that differ from standard sea level atmo
spheric conditions.

l
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figure 2-17. _ P..1t Ovtillnssures at 1M Surface for a 1 let Burst Over a Near-Ide.,
Surface, Very High Overpreau;; Rl'filon _
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Problem 2-10. Calculation of Peak Dynemic Pressure at 1I1e Surface

•

"

• Figures 2-24 through 2-26 show peak
dynamic pressure at the surface as a function of
height of burst and horizontal distance from
ground zero for a I kt explosion in a sea level
atmosphere. Figure 2-24 is based almost entirely
on theorY and applies to peak dynamic pressure
in the very high overpressure region at an ideal
surface. Dust loading effects are not included in
the curves of Figure 2-24. Figure 2~2S shows the
peak dynamic pressure at the surface under light
dust conditions, while Figure 2-26 shows similar
data under heavy dust conditions. Figure 2-27
shows a comparison of the data from Figures
2-24 through 2-26 for a 1 kt explosion at a

-*height of burst of 200 feet. A discussion of the
co.arisons is given in paragraph 2-25.

Scaling. For yields other than I kt. the
ground distance and height of burst for any spe
cific: peak dynamic pressure scale as follows:

where d1 and hi are the distance from ground
zero aud height of burst. respectively. for I kt.
and d and h are the corresponding distance and
height 01 burst for a yield of W kt. If the surface
is above 5,000 feet, or if the surface atmospheric
conditions differ from standard. the altitude
scaling procedures given in paragraph 2-14"
S'ChUd be used.

Example·
iven: A Mt explosion 3,000 feet

above a light dust surface.
Find: The peak dynamic pressure at a dis

tance of 6.000 feet from ground zero.

Solution: The corresponding height of
burst and ground distance from a I kt explosion
are

h ZOOO
hi =:-= ' = 550 feet.

Wl/3 (160)1/3

d _ 6,000 = 1.100 feet.
d1 = WI/3 - (160)1/3

Answer: From Figure 2-25, the peak dy
namic pressure corresponding to a height of
burst of 550 feet and a distance of 1.100 feet is
about 3 psi. Since this value of peak dynamic
pressure is below 6 psi, the actual value (see
"Reliability" below) may be between that shown
for ground distances of 1,100 ±25 percent
(1,375 and 825 feet) or between about 1.5 and
7 psi; however, since the reliability estimates do
not extend to yields above SO kt, the precise
limits cannot be stated.

• Reliability: Distances for peak dynamic
pressures below 6 psi are estimated to be reliable
within ±25 percent. For dynamic preSsures
above 6 psi. the distances in Figure 2-25 (light
dust) are estimated to be correct within ±50 per
cent; and distances in Figure 2·26 (heavy dust),
to within +100 percent, or-SO percent. The reli
ability of Figure 2-24 has not been estimated.
These reliability figures apply to yields between
I and SO kt. Outside this range of yields, scaling
miiintroduce additional error.

Related Material: See paragraphs 2-13
thfough 2-15, 2-17 through 2-23 and 2-25. See
also Tables 2-1 and 2-2 when atmospheric condi
tions at the surface differ from standard sea level
conditions.
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Problem 2-11. Calculation of the Time of Arrival of
I Bllst Wave It the &lfia~

hI = _h_ =~ = 200 feet.
WI/3 (8)1/3

• Figures 2-28 through 2-32 show the time
of arrival of a blast wave as a function of height
of burst and horizontal distance from a 1 kt
explosion in a sea level atmosphere. Figures 2-28
and 2-29 apply to bursts over thermally ne.u
Ideal surfaces while Figures 2-30 through 2-32
ap~o bursts over thermally nonideal surfaces.

_ St':illing. For yields other than 1 kt, the
time of arrival, ground distance, and height of
burst scale as follows:

where t I' dl' and h I are the time of nmval,
ground distance and height of burst, respectively
fo; 1 kt and t, d. and h are the corresponding
time and distances for a yield of W kt. If the
surface is above 5,000 feet, or if the surface
atmospheric conditions differ from standard, the
altitude scaling procedures given in paragraph
2-14 should beu~

Example
tIliven: An 8 t explosion 4·00 feet above a

thermally nonideal surfaa:..
Find: The time of arrival of the Qlast wave

<it .1 horizontal distance of 1,200 feet from
ground zero,

Solution: The corresponding heigbt of
burst and ground distance for a 1 kt explosion
are

t = t1 Wl/3 = (0.15)(8)1/3 = 0.30 sec.

Under the specified conditions the ground range
is reliable to within :I: 15 percent (see "Reliability"
below), or the 1 kt ground distance could vary
between 510 and 690 feet, providing arrival
times from a 1 kt explosion of 0.12 and 0.19
seconds. The time of arrival from the 8 kt explo
sion may therefore be expected t<, fall between

t = t I Wl/3 = (0.12)(8)1/3 = 0.24 sec, and

t = t 1WI/3 = (0.19)(8)1/3 = 0.38 sec,

with an expected value of 0.30 seconds as pre
vi~ calculated.
~ Reliability: Over near-ideal surfaces, the

ground distance for a given arrival time is esti
mated to be reliable within :1:10 percent. Over
nonideal surfaces, two reliability estimates have
been made: in the region of Mach reflection and
for times less than about 0.8 sec per kt, the
ground distances are estimated to be reliable
within :I: 15 percent; at later times or in the
region of feJUlar reflection, the values are about
:I:10 percent. These reliability estimates apply to
yields between 1 kt and 1Mt. Outside this range
of yields, the curves may be used with somewhat
less confidence•
..Related Material: See paragraphs 2-13
~ 2-15 and paragraph 2-26. See also
Tables 2-1 and 2-2.

From Figure 2-31, the time of arrival of a blast
wave at a ground distance of 600 feet from a 1
kt explosion 200 feet above a thermally non
ideal surface is 0.15 seconds.

Answer: The corresponding time of arrival
for an 8 kt explosion is

1,200 = 600 feet.
(8)1/3

d
d1 =--=

W1t3

_II
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Problem 2-12. Cllculltlon of Positive Ph.. Duration
of the Blast Wave It the Surfece

•

l
I

i
l

,.......

• Figures 2-33 and 2-34 show the duration
of the positive phase of the overpressure pulse at
the surface as a function of height of burst and
horizontal distance from ground zero for a 1 kt
explosion in a sea level atmosphere. The two
figures are for near-ideal and thennally nonid~al

surface' C'..onditions, respectively. Positive phase
duration of 'the dynamic pressure pulse may be
estimated from data obtained from Figures 2-33
and 2·34, and Table 2-4.
II Scaling, For yields other than I kt, the

duration of the positive overpressure, height of
burst, and distance from aroumt zero scale as
follows:

where r; I' hi' and d 1 are the positi've overpres
sure duration, height of burst, and ground dis
tance for a I kt explosion, and r;. h. and dare
the corresponding time and distances for a yiald
of W kt. If the surface is above S,OOO feet, or if
the atmospheric conditions at the surface differ
from standard conditions, the altitude scaling
nrocedures given in paragraph 2-14 should be
used.

II ExamPle.
G;ven: A 160 kt explosion 2,700 feet

above a thermally nonideal surface.
Find: The positive overpressure and dy

namic pressure durations a~ the surface 9,000
feet from around zero.

Solution: The corresponding height of
burst and ground distance for a ikt explosion
are

h 2,700
hi =-- = = SOO feet,

W113 (160)1/3

d l =....!!- = 9,000 = 1,660 feet.
Wl13 (160)1/3

From Figure 2-34, the positive overpressure du
ration corresponding to a height of burst of SOO
feet and a ground distance of 1,660 feet is about
0.3 seconds for a 1 kt explosion. From Table
1.-4, the corresponding duration of the positive
dynamic pressure is 0.39 seconds.

Answer: The corresponding positive over
pressure lilld dynamic pressure durations for a
160 kt explosion are

,+ =,. W1/3 =(0.39)(160)1/3 = 2.1 seconds.q ql

These are expected values. The range of possible
values for the positive phase durations could be
obtained by applying the uncertainties in around
distance given below in "Reliability" by
methods similar to those illustrated for time of
anival in Problem 2-11. Since the uncertainties
in t+ are greater than for t;, the smaller value of
t+ ~ay be less than the smaller value of t;. In
tYus case, the smaller value of t; should be used
as the lower limit for t; since the dynamic pres
sure positive phase is expected to last longer
thlthe overpressure positive phase.

Reliabtltty: Figures 2-33 and 2-34 were
cons rueted entirely from experimental data.
Since overpressure usually is changing slowly

2-71
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r..
..

•when it passes through zero, the exact time
marking the p.nd of the positive overpressure
phase is difficult to detennine experimentally,
and th,e uncertainty of the curves, in terms of
gro\.md distance, is large. Ground distance for t;
obtainet' from these curves is estimated to tie
reliable within ::25 percent for durations of 300
msec or less and within ±SO percent for longer
durations. Use of Table 2-4 to obtain values for
:+ gh·e:; S!c~nd distances estimated to be within
±50 percent for durations of 390 msec or less
and within ±100 percent for longer durations.
The positive dynamic pressure phase is expected
to last longer than the positive overpressure

2-72

pha.~e. Therefore. the lower limit for t; should
be no smaller than the lower limit calculated fort;. For near-ideal surface conditions. these esti
mates apply to a yield range between 1 kt and
20 Mt; for nonideal surface conditions, the esti
mates apply to a yield range between 1 kt and
SO kt. The curves may be used outside this range
of yields with somewhat less confidence.

II Related Material: See paragraphs 2-13
through 2-15, 2-17 through 2-23 and 2-27. See
also Tables 2-1 and 2-2 when atmospheric condi
tions at the surface differ from standard sea level
conditions.
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•
Problem 2·13. Calculation of Positive Overpreaure

Impulse at the Sume.

:~
'II'.il,.
i.

~ (......

:Ji
:i

1
j ~

I

1 ..

•

_ Figures 2-35 and 2-36 show the positive
overpressure impulse at the surface as a function
of height of burst and the horizontal distance
from ,.round zero for a 1 kt explosion in a sea
lc\'el atmosphere. The two fJ.gures apply to near
ideal and thenna1ly nonideal surface conditions,

h'I't:~H",,;l'y.
Scaling. For yields other than 1 kt, the

p01JIIVe overpressure impulse, height of burst,
and distance from ground zero scale as follows:

where 11' hI' and d I are the positive phase im
pulse at the surface, height of burst. and dis
tance from ground zero, respectively, for a 1 kt

explosion, and 1. h. and d are the correspond:
impulse and distances from a yield of Wk•. 11

the surface is above 5,000 feet, or if the atmo
spheric conditions at the surface differ from
standard conditions, the altitude scaling proce
d.given in PJII,h 2-14 should be used.

Example .
Given.' A 30 t explosion 1,000 feet above

a thermally nonideal surface.
!";::c!: The overpressure positive phase

impulse along the surface 6,000 feet from
ATOund zero.

Solution: The corresponding heiaht of
burst and aro\md distance for a 1 kt explosion
are

h lootl
h = - = ' =320 feet.

1 Wl/3 (30)1/3

d 6:000
d =-=- = 1,930 feet.

I Wl/3 (30)1/3

From FiIW'e 2-36. the overpreSSUi-e ~mpulse

1,930 feet from around zero of 1 kt explosion at
320 feet is 0.55 psi-sec. To account for unpre·
dictable variations in overpressure impulse, the 1
kt around distance should be taken to be 1,930
±20 percent (see "Reliability" below). i.e.,
1,540 to 2,320 feet. From Figure 2-36, the over
pressure impulses at these distances are 0.70 and
0.45 psi-sec, respectively.

Answer.' The overpressure positive phase
impulse from the 30 kt explosion will be be·
tween

1 = II WI/3 = (0.70)(30)1/3 = 2.2 psi--sec,

and

4 wl/3 = (0.45)(30)1/3 l': 1.4 psi-sec,

with an expected value of

1 =II Wl/3 = (0.55)(30)1/3 = 1.7 psi-sec.

• Reliability: The overpressure impulse
contours in Figures 2·35 and 2·36 are estimated
to be reliable within t,20 percent of the indio
cated ground distance. For near-ideal ~'Urface

conditions, this. reliability estimate applies to
yields between i kt and 20 Mt and burst heights
for 1 kt below 1,000 fect; for nonideal surfaces,
the estimates apply to yields between 1 kt and
SO kt and burst heights for 1 kt below 1,000
feet. Outside this range of yields and burst
heights, these curves may be used with some
what less confidence.

• Related Material: See paragraphs 2·13
thioujh 2-15, 2-17 through 2-23 and 2·28. See
alliO Tables 2-1 and 2-2 when atmospheric condi
tions at the surface differ from standard sea level
conditions•

2-7&
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Problem 2·14. Cllculatlon of Mach Stem Height

!-
!

I
j
..

• Figures 2·37 and 2-38 show the height
of the Mach stem as a function of horizontal
distance from ground zero for several heights of
burst for a I kt explosion in a sea level atmo
sphere. These curves, in effect, show the trajec
tory of the triple point (paragraph 2-18 and

2-iII SCQling. For yields other than I kt, theM'!lrstem height, height of burst, and ground
distance scale as follows:

H h d-=-=-= WI /3
H l hl dl '

_where H l' h1 ' and d1 are the height of the Mach
stem, the height of burst, and the distance from
ground zero, respectively, for a 1 kt explosion,
and H, h. and d are the corresponding distances
for a yield of W kt. If the surface is above S,OOO
feet, or if the atmospheric conditions at the sur
face differ from st~ndard conditions, the alti
tude scaling procedures given in paragraph 2-14
should be used. II

• Example :
~tven: A 55 kt explosion 1,000 feet above

the surface.
Pind: The ground distance beyond which

an aircraft flying sao feet above the surface wID
be in the Mach reflection region.

Solution: The corresponding height of
burst and Mach stem height for a 1 kt explosion'
are

hi;;~ :: 1,000 = 260 feet,
Wl/3 (55)1/3

H 500
HI =-= - • 130 feet.

W1/3 (55)1/3

2-78

Interpolation between the curves of Figure 2-37
shows that a 1 kt explosion burst at 260 feet
wnt have a Mach stem height of 130 feet when
the triple point is at a ground distance of about
750 feet.

Answer: The corresponding ground dis
tance for a 5S kt explosion is

d :: d1 Wl /3 = (750)(55)1/3 = 2,850.feet.

Since this yield is close to the upper limit at
which a ±10 percent tolerance applies (see "Reli·
ability" below), the distance may reasonably be
expected to be within about ±15 percent (±
about 430 feet). Therefore the Mach stem height
may reasonably be expected to exceed 500 feet
at a ground range beyond about 3,300 feet.

• Reliability: The range at which a given
Mach stem height is shown to occur in Figures
2-37 smd 2-38 is considered reliable within ±10
percent for yields between 1 kt and SO kt a..,d
within ±25 percent for yields up to 20 Mt. This
decrease in confidence with increasing yield re
sults from the lack of knowledge concerning the
effect of atmospheric nonhomogeneity on the
triple-point trajectory. It is suggested that no
correction be made for burst altitude; however,
when the data are applied to high-yield air
bursts, the results should be treated with some
what less confidence.

IIRelated Material: See paragraphs 2-13
through 2-15, 2-1'7 through 2-23, and 2·29. See
also Tables 2-1 and 2·2 when atmospheric con
ditions at the surface differ from standard sea
level conditions.
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2·30 Criteria for Precursor Formation •

.. Figure 2-39 shows heig."tts of burst atwmr an explosion over a thermaUy nonideal
surface is likely to produce a precuJ'St'r. As indi
cated in Figure 2-39, bursts highel~ tban 800
WI/3- feet are not expected to fom\ a precll.1'SOr.
1bis is the maximum height that will' produ~ a
precursor over asphalt, a surface that .produces a
precursor more readily than any other that has
been tested. A b~nt below 650 Wi /.3 feet will
produce a precursor over desert sand. Since
desert sand is considered a more typical nonideal
surface than asphalt, it provides the basis for
predicting precursors over most thermally non
ideal surfaces.

_ Figure 2·39 also shows that a burst may
bc~ low to produce a precuf80f as well as too
high. At the ranges where a precursor might
form, a contact surface burst of less than 30 kt
is not expected to heat th~ surface sufficient~y

to produce a strong them.a1 layer; higher }'ields
may create precursors over thermally nonidei!
surfaces.

• Theories suggest that precursor forma
tion aepends not only on the amount of thennal
energy abwrbed by the surface, but also upon
the time thai is available for the thermal layer to
form before the blast wave arrives. When time as
well as thermal energy density is considered,
theory indicates that the thermal layer and its
influence on the blast wave might scale approx
;m:at e-1y as Wl/ 3 , as indicated in Figure 2-39j
however, no theory has yet been deveioped that
explains the criteria for precursor formation in a
completely satisfsctory manner. Fort~ reasont

these criteria must be based on expedmental
data. Precursors have been observed from yields
as high as 15 Mt; however, the yields that have
been detonated between about 650 WI/3 and
800 WI/3 feet above the surface, end therefore
the yields that are of value in conf11'll1ing these
criteria for precursor formation, are limited to
the range of about 1 to SO kt. Over this range of

yields, the precursor seems to folloW' the cube
root scaling; however, this may only result from
the range of }Jields for which data are available
being inadequate to reveal deviations. No reli
ability tolerances~ be assiIned to Figure 2-30,
but if the surface hi simUar to desert sand, pre
cursors may be predicted with reasonable accu·
racy f,')r yields between 1 and 50 kt.

2··31 Overpressure Waveforms II
• The classical free air overpr;ssure wave

form (pa,\'1lgraph 2-12) is seldom found along the
surface at overpressure levels above 6 psi. At
higher overpressures, suchwavefonns approach
the ideal for special surface conditions Sl-dch as
snowt ;t:e, and water (where th6rmal ,Uects are
normally at a mirJrnum). Even for these SUf

faces, mUlor mechanicai effects may be present.
For example, the rise time over water may not
be instantaneous, and thete may be a slight
rounding of the peak of the overpressure wave
form. When these near-ideal conditions exist,
overpressure wavefol'ms may be approxirl1ated
b~se for free air, shown in Figure 2-8.
.. In the simple case of ideal waveforms in

free atr, all of the properties of the blast wave.
and therefore its damage poten~ial, may be
determined by specifying the ambient at.nlQ
spheric conditions plus two blast p3!'9.meters (for
example, peak overpressure and positive over
pressure impulse). When the blast wave loses its
ideal characteristics, two other properties of the
overpressure ~waveform become important: (1)
for moot overplCssl1re-sensitive targets, a gradu.al
rise to a given overpressure is less destructive
thlill the abrupt rise of an ideal pulsej (2) as a
result of the sustained overpressures often found
in nonideal wavefo:ans, a given peak overpres
sure may be associated with a f4Ut.h larger posi-

1 tive impulse than if overpre'mJte pub-A! shape
were ideal. Additional effect/~ caused by changes
in the dynBmic pressure w,',efonn are clli:cusIcd
in su~e(linaparqraphs.
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II A series!,,: eieven w&'V'eforms character
istic of the)kast wave ov~r a thennally nordde&
sunace .~ shown in time sequen~ in Figure
2-40. Although the evolution of a preCUF~r is a
continuous r-rocess. the wavdurms may be clas
~ified loosely into five types. ~~coroing to th~

statf' of development of the precursor:

Type I: Wav~forfO ·tefore precursor forms (a)
Type II: Development of the precuroor (b. c.
d) . .
TYtlc HI: Evolutiono[ fuHy developed pre
cacsor (e. f. g)
Type IV: Decline uf precur~;)r(h. i, j)
Type V: R~turn to neatly ideal waveform (k)

.. Tne overpressure wiJveforms generated
un~any particular set of conditions depend
sirongly on the degr~e to which nonideal surface
effects interact with the blast wave. In general,
the more "onideal the surface conditions, the
more nonideal will be waveforms near the sur
face. The waveforms shown in Figure 2-40 are
typical for scaled heights of burst between 100
and 400 feet over flat desert surfaces. Character
istics of these wavefonns are discussed below.

• Type I - Just before the precursor forms,
the waveform a is relatively ideal.

• Type II - As the precursor starts to de
velop, a separate shock front forms in the
thermal layer and moves out ahead of the
main shock. In waveform b these two
shock fronts are nearly ideal but, as the
precursor develops, its diverging flow pat
tern weakens its own shock front. At the
same time, the growing precurscif inter
feres more strongly with the main blast
wave, which apparently loses any sem
blance of a true shock front at the surface.
Separation of the two peaks indicates the
forward growth of the precursor; however,
the second peak in waveforms c and d no
longer marks the' exact position of the
main blast wave. Typical changes in Type

II wavefonns at early times are a rapid at
tenuat.on of the rust peak and a rounding
of ~~le·f1.econdp"ak. At later times, the see
r .1d peak is !.iUenuated more rapidly than
the IlI'St, amI the flI'St loses its shock-like
rise. <The slow-uecay after the first peuk in
waveform~ c and d is sometimes replaced
by a plateau.

• Type III - As the distance from ground
zero increases, the peaks and valleys b~

come poorly defmed. At close distances,
the waveform e has a large rounded maxi
mum followed by a slow decay, and a l~ter

and smaller second peak. At longer dis
tances, the frrst peak is attenuated more
rapidly than the second, and the two peaks
become comparable in magnitude (0. The
rise times also become longer. The second
peak disappears at longer distances, leaving
a low, rounded, flat-topped waveform g
with a long initial rise and slow decay, dur
ing which there is considerable turbulence.
This wavefonn is typical of strong pre~

cursor action.
• Type IV - Farther from ground zero, the

thermal layer becomes less intense, and the
precursor begins to weaken and lose for
ward speed. The second peak reappears,
and both peaks become sharper. The
rounded plateau in wavefonn h and the
step-like appearance of t are typical. As the
main shock overtakes the precursor, the
waveform assumes an almost classical fonn
j with a sharp rise to a more or less level
plateau, followed by an essentially regular
decay. This waveform is typical of the
"clean-up" portion of the precursor cycle.

• Type V - After the 'precursor has dis
appeared, the pressure pulse again ap
proaches a classical waveform k. This
wavefonn is longer than it would be if a
precursor had never formed.

• M0thods for determining ground dis-

2-83
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II
tances at which the waveforms described above
will occur are described in Problem 2-1 S.

2-32 Dynamic 'Pressure Waveforms II
• Dynamic pressure wavefonns at the sur·,

face approach the classical shape shown in Fig
ure 2-9 when the surface conditions are near
ideal. The conditions under which this occurs
are more re~tricted than those for overpreSS'-lre
waveform. Differences result from surface condi
tions that do not lead to precursor formation
but do lead to dust or spray loading of the air.
Such surfaces are expected to modify the dy
namic pressure waveform without changing the
ov:essure waveform to any great extent,

_ Dynamic pressure waveforms that ap
pear over thennally nonideal surfaces are more
difficult to measure than overpressure wave
forms, and the measurements are subject to
wider variations. For the~ reasons it is not pos
sible at this time to provide a figure that shows
zones in which various waveforms can be ex
pected. However, representative waveforms have
been constructed (Figure 2-41), and tentatively
have been c1assifiee into five categories: A, B, C,
D, and E (letters rather than Roman numerals
are used with dynamic pressure waveforms to
emphasize that the various types cannot be di
rectly correlated with the waveform types used
to classify overpressure wavdonns). These wave
forms are discussed below.

• Tj'pe A - Before the pt'ecursor forms,
the waveform is relatively ideal (I).

• Type B - As the precursor starts to
develop, the waveform shows two Distinct

peaks. The ftrst, corresponding to the pre
cursor, has a shock type rise in most cases.
The second is larger than the fust at close
distances (waveforms 2 and 3), but at
longer distances (waveform 4) it becomes
com~81able in magnitude to the ftrst.

• Type C - As the precursor becomes fully
developed. the waveform retains its double
peak but loses its rapid initial rise time.
Actual record traces have a very turbulent
appearance. The second peak is smaller
than the fmt (5) and tends to become in
definite with increasing distance (6).

6\) Type D - As the precursor becomes
weaker. the waveform assumes an essen
tially ~ingle peaked form, chmacterized at
close distances (Naveform 7) by a low
amplitude plateau with a slow rise. Actual
traces have a very turbulent appearance.
As the distance from ground zero increases
(waveform 8), the turbulence lessens, an"
the plateau develops a shock rise with
either a flat top or a slow steady increase
to a second shock rise, followed by a
smooth decay. The second shock eventual
ly overtakes the fmt (wav~form9), leaving
a smooth, clean trace with a slight round
ing after 'the initial shock type rise.

• Type E - After precursor cleanup, the
waveform (l0) resumes its approximately
classical shape. Positivl. phase duration is
longe.r than it would be at this distance if a
preCUJ'SOr had not fonned. This longer du
ration is more marked for dynamic pres
sure than for overpressure.
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Problem 2-15. Calculation of Distances for Overpr••ue
Waveforms in thl Precursor Region

•

d l: d1 Wl/3 = (1,130)(100)1/3 = 5,240 feet.

b. From Figure 2-42, a distance of 390
feet from gmund zero of a 1 kt explosion at a

d = -!!- = 1,800 =390 feet.
1 W1/3 (l00)1/3

130 fee\.
h 600

hI = W1/3 = (100)1/3 =

Answer:
a. The distance to which a precUJSor may

be expected to extend from ground zero of a
100 kt explosion at a height of 600 feet is

a. From Figure 2-42, the precursor zone
extends to approximately 1,130 feet for a 1 kt
explosion at a height of 130 feet (the zone indi
cating a Type V wavefonn shows the region
where precursor characteristics disappear and
the waveform approaches the classical shape
(Figure 2-40».

b. The ground dil:tance for a 1 kt explo
sion corresponding to a drdance of 1,800 feet
for 100 kt is

II Example.
Given: A !OO~xplosion 600 feet above a

thermally nonideal surface.
Find:
a. The ground distance to which a pre

cursor may be expected to extend.
b. The wavefonn to be expected at the

surface 1,800 feet from ground zero.
Solution: The corresponding height of

burst for I kt is

where hI and d1 are the height ofbursfand the
ground distanct fer I kt, and h and d are the
corresponding distances for a yield of W kt. If
the surface is above S,OOO feet, or if atmospheric
conditions at the surface differ from standard
sea level conditic,ns, the altitude scaling proce
dures described in p~graph 2-14 should be
used.

I Figure 2-42 shows zones, defmed by
hel t of burst and distance from ground zero,
wherein overpressure waveforms depicted in Fig
ure 2-40 might be expected to occur from a 1 kt
explosion over a thermally nonideal surface.
Neither the waveforms nor the ranges at which
they occur can be predicted reliably for all
conditions. The waveforms will be modified as
height of burst changes; if the scaled height of
burst is above 400 or below 100 feet, the wave
forms may differ significantly from those shown
in Figure 2-40. Any other surface effect that
modifies the precursor also will modify the
waveforms. For example, distortion of the over
pressure waveform will be less severe if trees or
shrubs decrease the velocity of the surface winds
required for precursor formation (other surface
interactions are discussed in paragraphs 2-20
through 2-22). Moderate thermal effects may
produce disturbed waveforms th~t are neither
ideal nor as extreme as those shown in Figure
2-40. Information from Figures 2-40 and 2-42
should be considered a useful guide, not an infal
lilberediction.

Scaling. For yields other than 1 kt, scale
as ows:

\ ....

,

~l
I
I
I



• •height of 130 feet falls within the zone corre-
sponding to wavefonn II. This same wavefonn
would be expected at a distance of 1,80,0 feet
from a 100 kt burst at a height of 600 feet.II Reliability: Specific reliability flgures
have not been set on the boundar)' positions in
Figure 242. The zone boundaries are derived
primarily from full scale tests over desert sur
faces. Overpressure waveforms over other sur-

2-88

faces are subject to the variations noted above.
Yield scaling is uncertain outside the range of I
kt to 50 kt, but should be used in the absence of
conftrming experimental data. Altitude scaling is
also a questionable procedure. but it should pro
vide reasonable results for surface altitudes be
IOMo.oOO feet.

Related Material: see paragraphs 2-12.
2- hrough 2-22, and 2-31.
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2·33 Effect of Rain and Fog
on Overpressure III

• The effects of atmospheric moisture on
blast propagation are not wf~ll knownj however,
theoretical studies agree q'l.lalitatively with the
small amount of experimental data. As a strong
blast wave propagates th.rough air containing
water droplets it vaporizes some or all of the
water. Vaporization of the water absorbs energy
that oth",rwise would be available for the blast
wave to propagate through the air." As a result,
the blast wave is attenuated more rapidly in air
that contains water droplets than in air that does
not

• The effect of water droplets on peak.
overpressure may be calculated in terms ofeffec
tive yield. This procedure is used to obtain lower
calculated overpressures at some distance from

.. 'the burst. Rain or fog has a negligible effect on
the amount of available energy close to the nu
clear source. The energy density within the rue
ball is orders of magnitude higher than the ener
gy required to vaporize whatever water may be
present, and the amount by which the sus
pended liquid increases effective air density,
even under the extreme conditions within clouds
producing severe thunderstonns, is not likely to
exceed 2 percent.

II Figure 2-43 shows the effective yield for
~:~.... :, ;"':.::.. ~d two conditions of moisture con
tent. Examination of these curves reveals several
trends:

• The attenuation produced by heavy rain iii.
greater than the attenuation produced by
light rain or fog.

• Effective yield decreases as overpressure
decreases, i.e., it decreases as di~tance

(and, therefore, the amount of rain
through which the blast wave ffilLlSt propa
gate) increases.

• At any overpressure level, the blast wave
from a 1 kt burst is attenuated less than

2-90

the blast wave from the two other yields.
This difference results from the shorter
distances for the 1 kt blast wave. Light
rain or fog attenuates the blast wave from
a 1 kt explosion to such a small extent
that the curve is not included in Figure
2-43.

• At a given overpressure level, the blast
wave from a 1 Mt burst is attenuated less
than the blast wave from a 125 kt burst.
This effect, opposite to that described
above, probably results from the relatively
large amount of hydrodynamic energy car
ried by the long-duration blast wave from
a I Mt source..

II The curves shown in Figure 2-43 are bas
ed on the assumption of uniform water content
between the source and the target. In an actual
rainstorm, this assumption is artificial. Typical··
ly, water content is several times liS high within ~I

rain doud as it is below the cloud, but without
such an assumption the analysis of rain effects
would be undulr complf~X. Actual water distri
bution patterns are complex, difff!:rent for d;if..
ferent ramstomJs, and geDf:ral1.y u.npredicub1t':.
nle water densities used in the calculatiom; cor
respond roughly to pl"ecipitation nltes of O. ~ find
0.5 inches per hour.

••As a blast WlIW proplPtcs tbrou!h ail, it oontllllGously
e:qtends hydrodynamic flRercY at the Mock front to colnpress
and .~lcnte tlic air fintorina the blast wave. At the WIll!: time,
flte air behtnd the front expands and decc1clltcs, thcl'Cby ':c:turn
111& enefJY to tljC blast .II,W. The 1Ilow of erlellY In a weall thock
wave leltl':lble, that in • lOund ""W. nle expandtna air returns
nearly au of 'lhe eUCI'po that it rellllnlld when it teatt:red the
I~Q(lk fror4t. Cx»nleque-ntly, the l/Ittel'llll&t1orn of weak blnU w~ves

is iIl~ priJlcil}l1lv to tphe'.rical ,UfelIentlll. On the Qtlllir !'rmd,
ItrDllff. I1lock WIlYCI Io,e IIppl1~~bblo IInel,;y, IlCClUIC thc l':l.7Alden
clClmpire~lSion at the IbtOCk fro:nt !II putli.lllr irl'nerllble. Thll'i, tb,:
C11:pl'r,dq'.Ir blJyon~, the tUOIl\lJ Ibo.:k h01\lt returnl; i••s ~i\ClrJY .
til,.. ..as teqWIN;d to compress fit, an5 tIit;e cone~f1(jin& '~Iler[:y :
!kill C:ODtriblltef to the aI:tllmwaf,illA (;( tic that ~""Iq:. Ii 4he :lIllr:
~ClIlIla1nS w l~r cltor.lets, tiIK eMll\f Itlllllat1 t~~ Ifron tIIr. bbllt!
"".'~ wben the watlll ClQp,:»r"U~ b IIl~UII,M4I1,ll, l:hl: JIll'iOltnCl.\l\'·
.Jr '!l'he" t111~ "'Ii,ter 1;olllkJllillll'; 1!J00Iloe"'lllr, rr.oa61anlttl.O'Cl CIC~I.'n 'tl:ilG
1':1'1·1)' RC!· (J,lllmIlUtf, aWf>l"* .a~'11ll'· t(l thl' blaf,1 'IVI'I'e.
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.• Rain or fog effects should be evaluated
on'!Y:hen the optimization of blast against soft
targets is important, and then only if the rain or
fog extends throughout a volume that includes
both the target and the bunt. HOB curves for
thermally near-ideal surface conditions should
be used with Figure 2-43 since thermal energy is
attenuated by rain or fog and a wet surface is
not expected to form a strong thermal layer.'II The effects of atmospheric moisture on

~ ., ..

other blast parameters, such as time of arrival,
positive-phase duration, and dynamic pressure
are not well known; however, theoretical consid
erations indicate that arrival times will remain
essentially unchanged. positive-phase durations
will be slightly reduced, and dynamic pressures
will be slightly increased. Calculations for these
other parameters should be made in the normal
manner, without applying the yield conection
factor obtained from Figure 2-43.
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Problem 2·16. Calculation of Overpressure
During 8 Rainstorm

.,

..

• Figure 243 shows the reduced yield in
percentage of actual yield, that should be used
for overpressure calculations under conditions of
rain and 'fog. This figure should be used together
with Figures 2·17 through 2-19 to obtain over
pressure values under conditions of rain or fog.tI Scaling. Interpolation between the
curves of Figure 2-43 provides the only yield
scaling available. After obtaining an effective
yield from Figure 2-43, the scaling procedures
de.·bed in proble.-9 are applicable.

Example
Given: A SO explosion at a height of

-'burst of 3,000 feet during a heavy rainstorm.
Find: The peak overpressure 4,000 feet

from ground zero.
Solution: The corresponding height of

burst and ground distance for a 1 kt explosion
yield are

hI =--!L-= 3,000 = 815 feet,
Wl/3 (50)1/3

d1 =-!L_:;: 4,000. = 1,090 feet.
,~,1/3 (50)1/3

From Figure 2-18. the peak o,'erpressure expect
ed in clear air is about 13 psi. At this peak ove!:":
pressure, Figure 243 indicates that the effective
yield during heavy rain is about 84 percent for I
kt, 73 percent for a 125 kt burst. A probable
effective yield fol' SO kt should be between these
values and may be about 77 :percent. Uncer
tainty in tlile degree of attenuation pmduced by

2-92

a rainstorm would cause the effectiv<~ yield to
vary according to the reliability estimates given
below. This calculation will determine the most
probable value of the peak overpressure rather
than the upper and lower limits. The effective
yield for further calculations is

50 x 0.77 = 39 kt.

The corresponding height ~f burst and ground
distanr,e for a 1 kt explosion are

h
l

=_h_ = 3,000 = 885 feet,
W 1/3 (39)1/3

d 4,000
d1 =-::: = 1,180 feet.

Wl/3 (39)1/3

Answer: From Figure 2·18, the most prob
able peak ()Verpl"essure is 10 psi.

..Rt!llability: Figure 2-43 is based on thea
ret::r"calculations and a limited amount of data
from small scale field tests and laboratory ex
periments. Thus, a high reliability cannot be
assigned to the curves of Figure 243. The upper
limit of the effective yield is 100 percent of tlae
actual yield, while the lower limit is estimated to
be 60 percent of the value obtained from Figure
2-43. If the burst is below or close to the cloud
base in fairly uniform rainfall, somewhat greater
reliability might be expected.

• Re,'ated Material: See pa."'alP'aphs 2-24
and 2~33, !:ee also Problem 2-9.
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2-34 P.k Overpressure at the Surface
of Deep Snow II

til When a shock front enters a layer of
snow It is attenuated strongly. Drag forces on
the snow crystals dissipate energy contcrln~d in
the wind behind the shock front. The '.:nergy
transmitted to the snow crystals is then ~onsum

cd in compacting the snow layer.
• Reflection occurs at the top surface of a

deep snow layer just as it does at a ground sur
face. Momentum is conserved in the inter~ction.

and, in the case of a ground surface, the process
is analogous to a light, elastic object striking a
heaV')' one. The light object bounces away. re
taining most of the energy that it had before the
collision. The. heavy object receives a small
amount of energy. A blast wave striking the

-" earth transmits only a small fraction of its ener
gy as ground shock; consequently. the earth's
surface approximates an ideal reflector. A blast
wave striking a snow surface is analogous to a
ball bouncing from a heavy rug. The reflecting
surface has a cushioning effect that makes it aPI reflector.

In the case of a thin layer of snow, the
cus oning effect ceases when the pressure wave
penetrates the snow layer, reflects from the
ground surface, and propagates back to the snow
surface. At this time, the snow layer is sup
ported by an internal pressure as high as the
pressure produced by the blast wave reflecting
from the surface; the reflecting qualities of the
snow layer then approach the near-ideal reflect
~lities of the underlying surface.
. _ Neither theoretical nor experimental
data are available on the effects of thin snow
layers on a blast wave, however, a rough calcula
tion is enlightening. If a shock front in snow
moves with a speed comparable to that of sound
in air, a layer of snow one foot thick, struck by
a normaUy incident blast wave, will absorb ener
gy from the blast wave for about 2 milliseconds
and will have. the properties of a near-ideal re-

2-94

fleeting surface after that time. This 2
millisecond interval is appreciably long only
when' compared with relatively sharp blast
waves. For example, it might alter a 750 psi
blast wave from a I kt source significantly. The
overpressure pulse of this blast wave has an ef
fective triangular duration (see Figure 2-10) of
about 20 milliseconds. At lower overpressures,
the pulse becomes broader. For a given overpres
sure, larger yields than 1 kt also produce broader
puises. This comparison indicates the following:

• If a blast wave with a very narrow pressure
pulse strikes a thin layer of snow, the snow
may alter the leading edge of the pressure
pulse enough to reduce peak reflected
overpressure.

• In a more typical situation, i.e., one for
lower overpressures and yields greater than
1 ktt a thin snow cover affects such a small
portion of the overpressure pulse that peak
reflected overpressure is essentially the
same as at a near-ideal surface.

• Presently available experimental data on
the properties of blast waves over deep snow
surfaces are based on high-explosive (HE) experi
ments. In aU of the tests, the snow layer.; were
sufficiently thick to react as though they were
infmitely thick. The thinnest snow layers tested
(7 inches) correspond to snow layers about 60
WI/3 feet thick (W in kt). For an 8 kt bl1iJ"St, this
thickness is about 120 feet. Since snow layers
thicker than about 120 feet compress to form
glacial icet the 7 inch snow layers have no real
scaled counterpart for nuclear bursts larger than
about 8 kt.

II The available data for the effects of
snow on the blast wave, when scaled for Cfilcula
tions of the b:«lst wave from bursts larger than I
kt may be applied with confidence only to re
gions such as the arctic, where large areas aTe
covered by very thick snow layers.
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• Sraling HE data over snO'.41 to the biast
wave from a nudear i::mr.,i; i'ovolv~!l considerable
uncertainty. Predictions of peak overp1essure
over B deep Snf)W surface, are based on the fol
lowirlg reasoniY:lg: (I) the HE studir;s S~10W that
snow reduces the gA'ol..md distrn,,~ t\l which a
siten peak o'verpt'essure extends by about 10
~t1:rcent (this figufJ'e is never smaller than 0 per

.~ent or greater than 20 percerlt); C) HE data
over snow are not a"ailable at points near
ground zero, and thus, the experimf;ntnl data fail
to show how much burst height should be;
f;hld for a given peuk ov'trpres~;U1.'eo

Figures 2-18 and 2-19 may be used to
pree let peak overpressures ovrr deep snow by
red\lcing all ground distances by 10 percent,

til One significant effect of snow co,ver is
that it fonus a thermally near-ideal surface.
Clean ~.JlOW reflects !flost of the thermal radi.a
tion 1ihat $trikes it. Dirty snow absorbs more
entrg.\f tha:n dean snow but it absorbs it in a way
th3t 1s unlikely to produc'e a thermal layer. An
exrel'lmental study indicates that thermal ra.dia
ticm from a nuclea!' burst will melt a negligible
amount o,f a clean snow surface and that the
wat,:r fonned will be absorbed quickly by the
reillJininll: snow 0 •

~. An important unknown is the degree: to
wm,M' propagation· tluough sn@w lengthens the
lise time of the ove.rpressul"C pulse. Even when
snow cover is not thick enough to reduce lpeak
reflectecl overpressure significantly, a layer of
snow covering overpressure-sensitive targe!ts may
offer protection by reducing the sharpness of
tht~ ()verpressure pulse. This effect may"be par
ticuhrly important in evaluation of gr,oundu

shock damage to burie.d targets.
~" in the llbsence ..of confunling data .from

nu!\lf.\r tests over fmow\use of the curves in Fig
ures 2-18 and 2-\9 mUli~ be reg:uded as tenta
tive. Ground distances oUsiued h'(lm the cu:rves
are cl;timated to be reliable within :t2S percent
for yields between 1 kt and 10 kt when used to

Ilredict ~ak overpressures over itnow. Outside
this range of yields, tlle curves may be used with
somewhat less co,nfidelllce:

2-36 PfJllk OvIrpressure at an VnfiniflJ
RefleetinlJ Suriooe II

II Curves ShOWll1g peak refle:cted overpr.cs
sure may apply to finite surfaces, such as the
side of a building, or they rna)' apply tf) the
ew:th's sUlface, which is effectively ilnfmite i':1

extent. The NiCI types of curves resemhle one
another c.r.cept at all1gles of incide.m:(~ clme to
9ft, i.e., at gr~:ing incidence (see fOfJtnotf; to
paragraph 2·17 for a summary of the conven
tions used in specifying the anglJlar orientation
of refleicting surfaces). At this l'fa'lillg angle of
incidence. a fmite area produ('~~ no enhance..
ment of the incident (.lvcrpreSSl..1tf, the i. ,oiden.t
OV,~rpl"Cssure is sometimes callr..d the "side-on'"
overpressure.

_ A reflectirlg surfact~ that is infinite in ex
tent affects thl~ blast wave diJfereritly 0 Figure
2-44 shows 'that the renel~tioll coefficient
~')r/Ap of such a surface at grazing incidence is
greater than 1. A blast wave having an atlgte of
incidence of e:N.actly 900 with a flat, infinite sur
face is, by defmition, a c<,lD1:act surface burst.
The surface of the earth confines the blast wave
from a oontal::t surface burst to half of the
volume it would occupy in f.\ree air. As a .result,
peak overpresliure is higher than it would be in
free air; this fact is indicated by a reflectio~n c0

efficient greater than 1.
_ 17igure 2-44 has two p31'tS, oorresponding

to trrre~ions of regular reflection and of Mach
reflection. A peak occun near the boundary' \le
tween the two regions; at the lower incide~'lt

overpressures, this peak shows at higher reflected
overpressure than that produced by a blast wavl'
striking a sufface head-on. The same phenome
non appears in the height-of-burst charts as the
knee of a.~ ovcJit»ressure curve.

_ At incilt~~! overpressures greater than

•
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•5,000 psi, the curves in Figure 2-44 deviate from
the regular pattern seen at lower incident over
pressures. These deviations result from the high
temperatures produced at the shock front,
which cause dissociation and ionization of the
air atoms to absorb energy that would otherwise
increase the pressure of the gas.

II The data in Figure 2-44 may be replot
ted to prepare a height of burst graph. An inter
mediate plot, consisting of a family of curves,
each for a given angle of incidence should be
plotted first. Figure 2-45 shows, as an example,
the curve for an angle of incidence of 300

• Slant
ranges for this intermediate plot are found as a
function of incident overpressure from Figure
2-2, the overpressure-distance curve for free air.
The data from the intermediate plot may be
transferred to the HOB chart by plotting slant
rangr and angle of incidence as shown in the
inset of Figure 2-45.

• Such a transformation -;hould lead to the
HO'rchart shown in Figure 2-l7~ however, cer
tain discicpancies exist between that HOB chart
and the data in Figure 2-44. The principal dif·
ference is that the peaks shown at angles near
450 in Figure 2-44 have been rounded off in the
HOB chart since it is uncertain how wen the
data in Figure 2-44 describe the actual reflecting
properties of the surface of the earth for re~sons

des~ribed below. Although the peaks !;hown in
It:'igure 2-44 probably occur, the 2l?gle at whkh
:::.c}' occur may be different fronl that indicated.
Therefore, a transformRtio!i of '.!:'I'ery detai! of
the curves in Figure 2-44 to the H(lB chart imn
plies a more detailed knowledge of the shapes ,of
the HOB curves than actually ~xists.

_ Uncertainty of the data in Figure 2·44
arises from the way in which these data had to
be obtained. The MilCh ref!ectim\ portions 01' the
curves in Figure 2-44 were obtained thee-
retically, u~i.ng the !Jhock~waveequat;0l18 I?J!O th€)

air ~quation of st~.te given in Appendi:r. A. Th~
calculation is complex, involving suc(;es~'ive aT""

proximations that are most appropriately
haled on a computer.

A large portion of the regular reflection
regJons of the curves were obtained experi
mentally. Many data points from nuclear tests
document the low pressure curves at angles close
to 900

, and theory plus a few data points were
used to extrapolate the data to smaller angles
and to the highest overpressures shown.

•
Accuracy of the Mach reflection data is

lim e because the calculatioas for these data
were based on atl ideal reflecting surface. When
the burst height is lowt errors may result from
the resiliency of the earth's surface (or, in the
extreme case, cratering), and from thermai ~ner

gy extracted from the fireball by Ilbsorption ut
the surface. Dirt thrown into the cir m..y alte1'
blast wave properties. Accuracy of the regular
reflection data is limited by Lne difficulty of ob
taining a large number of :-'CCUl'ate blast wave
data points ut Vf.:ry high overpressures. These
uncertainties are thp. reasons for smoothing the
overpressure .;(-Jntours in Figure 2·17. They are
also the re:i~ons for omitting, as unrealistic,
curves for r.Jeak reflected overpressures higher
than j 0,000 psi.

2·36 P"..ak OverprGSftUr6 abe Finite
. riefieetiog ~rface II

• Since 3 finite surface may cause either
regular or Mach reflectionl, the curves showing
reflected oveIpr~s~ure at a finite surface resem
Ne tbme 5hcwing r~flected overpressure at Itn
Infinit,e m..irfaC\~.

11 Figure 246 show£; curves of reflected
. over~e~s3ure iI.S II function of ~~~ak incident nvei
prn5i11'~. These curves np.piy directly t~ the r-e-

n::ction that OCC;lJrs at nat surfaces (e.g., sides of
building!.) when they are atruck by the nearly
vertical lihock f1m,t which characterizes the
Mach stt'/::a. Although the ~urlr~s also may bt~

uECd to determine peJk Nfieded overpressure
from the intident tree air Mast w;.ve when regu-
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lar reflection is occurring aithe surface of the
earth. they do not represent the total effect of
multiple reflectIons that occur when this Jiirect
wave strikes the ang1~ fonned by the earth and a
vertical surface.

II These curves only predict the 'Peak over
pressure produced when the shock front arrives.
In many problems, the total wa~'efonn produced
b)' tht" blp.~t-target interaction also is important;
however, the latter is a function of target dimen
sions as well as blast wave properties as discussed
in Section 11 of Chapter 9 and Section I of
Chapter 11.

2·37 reak ever;wessure It Rising
and Falling Slopes (U)

• If a shock wave tMt is travelling along
.. --the ground surface encounters a cp~nge in slope.

the characteristics of the sho(;K wave will
change. If the terTain is characterized by large
changes of slope, the changes in the blast wave
can be significant. The}' can result in an over
pressure increase by mor~ than a factor of two
or a decrease by more than a factor of three.III Interactions with real topography can be
exceeCiingly complex. Therefore both experi
mental and theoretical studies have, for the most
part, dealt with idealized, simplified terrain fea
tures. Techniques have been devised for predict
mg tne cnaracu~risticsof the shock waves that
encounter changes in terrain, and methods for
applying these techniques to real terrain have
been devised.

I lf the level terrain in front of a slope is
in c region of Mach reflection, the blast-wave
incident on the slope will have a nearlY vertical
shock front, the Mach stem. (The nearly hemi
spherical shock front produced by a contact sur
face burst is considered a special case of an
incident Mach stem.) If the level terrain in front
of the slope is in the region of re&"11ar reflection,
the fll'St shock front striking the slupe is the free
air blast wave from the nuclear source. This

2-100

shock front is not vertical, but forms an angle of
less than 90° with the level ground in front of

thlpe·
When the nearly vertical Mach stem

st es a rising slope, the incident wave undergoes
either regular (two-shock) or Mach (three-shock)
reflection, depending on the angle that the slope
makes with the surface over which the shock
wave has been moving and on the strength of the
i1'lcidtnt shock. For a falling slope, diffraction
always occurs; the shock wave curves to orient
itself normal to the slope. Differences between
regular and Mach reflection on a rising slope are
illustrated in Figure 247. Diffraction on a fall
ing slope is llluf~trated in Figure 2-48 (in these
figures, the sho~k wave direction of propagation
is assumed to be normal to the slope contours).

•
SrrnUar interactions occur when the di

re~ Ion of shock wave motion makes an angle 4>
with the line of steepest ~,scent or descent. The
geometry of such an interaction is shown in Fig
ures 2-49 and 2·S0. In these figures, the angle
that is important is 8, the effective slope angle.
Its relationship to 8" the slope angle is

sin 6 ::: sin 8, cos 4>

This relationship is plotted in Figure 2-51. The
relationshi:i' holds for both rising and falling
sl0li:l

• When a Mach stem encounters a rising
slope, the incident overpressure and the effective
slope angle determine whether regular or Mach
reflection will occur. The conditions under
which regular or Mach reflection occurs areShl in Figure 2-52.

Figure 2-53 shows how effective slope
an e affects the peak overpressure produced by
a 1~psi incident Mach stem. SimUH data may
be obtained from Figure 2-46 for other overpres
sures by noting that the angle of incidence to
use with Figure 2-46 is equal to 90° minus the
effective slope angle. The left-hand side of Fig-

'''-':.,.", .
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ure 2..53 shows the effect of diffraction at a faU
ing slope.

tI\ Figures 2-54. 2-55. and 2-56 show simi
lar da~a in a more convenient form. The over-
pressure scales only app!y to reflection of shock
waves in a sea level atmosphere. At other ambi
ent pressures, the scales marked "overpressureI
ambient pressure" should be used. Note that
r:f;~r:: ~. 5~ is plotted for various values of the
angle elf incidence while Figures 2-55 and 2-56
are plotted for various values of the effective
slope angle.

• If the incident blast \\ 'Ie has been
uJ:going regular reflection before it encoun
ters the rising or falling slope. approximate blast
wave characteristics at the target can be deter-

--mined by (I) constructing a sectional plot show-

2-108

ing both the target area and the burst point. (2)
drawing a "reference-plane line" through the tar
get area showing the general plane in the vicinity
of the target. and (3) drawing a line from the
bUt'$t point perpendicular to the reference-plane
line

• As Figure 2-57 shows. the length of the
perpendicular is the effective height of burst; the
length along the reference plane line between
this perpendicular and the target area is the ef
fective ground range or distance from ground
zero. and shock-wave characteristics may be
determined from height of burst charts. Al
though this technique does not take into ac
count the effect of azimuth angle ~ (where the
shock wave moves at an angle to the line of
steepest ascent or descent), further refmement is
rarely justified.

()
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Figure 2-57. 8 Construction Procedure Rer..ommendtd When th~ Blln Wive
Incident gn I Slope Has Bc<:n Underl9-l~

Regular Reflection on Level Gtound •
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Problem 2·17. calculation of Overpressure on 8 Slope

.,

II The information provided in paragraph
2-37 and in Figures 2-47 through 2-57 provides
the data to calculate peak reflected overpres
~ures when a blast wave encounters a rising or
falling slope. The data are given relative to the
incident o'~erpressures that would be expected
over flat terrain in a standard sea level atmo
sphere. These latter values may be obtained
from Figures 2·17 through 2-22.

• SCQling. For target altitudes above 5,000
fee~oth the incident and the reflected over
pressures scale according to the altitude scaling
procedures described in paragraph 2-14, te.,

tJ.Pr =~ = S
I:1pro lip0 p ,

where lipro and Apo are the reflected and inci
dent peak overpressures, respectively, in a stan
dard sea level atmosphere, tJ.Pr and I:1p are the
corresponding pressures at the desired altitude,
and Sp is the pressure scaling factor described in
paragraph 2·14 and tabulated in Tables 2-1 and
2-2.11 Example II

'Given: A ridge with a slope angle of 27D on
otherwise flat terrain at an altitude of 7,500
feet. For a particular set of burst conditions, the
predicted blast wave in the absence of the ridge
(but including altitude corrections) is a Mach
stem with a peak overpressure between 10 and
15 psi. The direction of propagation ofthe blast
wave makes an angle of 20° with the line of
steepest ascent.

Find: The range of peak overpressures that
may be expected on the side of the ridge facing
the explosion.

Solution: From the equation given in para
graph 2·37 (or by interpolation in Figure 2·51),

the effective slope angle is found as follows:

sin 8 = sin 6. cos c)

=0.427,

From Table 2-1, the altitude scaling factor for
pressure at 7,500 feet is

Under sea level conditions, the predicted value
of the incident Mach stem overpressure would
lie between

A.. = tJ.p = ..!.2..- = 13.2 psi, and
-..po Sp 0.76

Apo = 0~;6 = 19.7 psi.

Figure 2-55 shows that a rising slope will in·
crease these sea level values to

Apra = 19 psi, and

Apro = 28 psi, respectively.

An uncertainty of about 20 percent exists in
these values (see "Reliability" below). In order
to brllcket the range of expected values, the
lower will be decreased by 20 percent, and the
upper will be increased by 20 percent. The re
sulting sea level reflected overpressures are

2-113



• Apro = 15.2 psi, and

Apra = 33.6 psi, respectively.

Answer: The cOlTesponding values of re·
nected overpressure at an altitude of 7,500 fect
are

Apr = AproSp = (\5.2)(0.76) = 11.5 psi, and

Apr II: (33.6)(0.76) =25.S psi, respectively.

• RelilJblllty: Full scale nuclear tests indi
cate that the increase or decrease in peak over
pressure at a rising or falling slope is generally
within 10 or 20 percent of the predicted value.
In the presence of a precursor, less accuracy may
be expected. Accuracy also decreases if the slope
angle is close to the critical angle that separates
the regions of regular and Mach reflection.
II Related MaterilJl: See paragraphs 2-14.

2-17 through 2-20.2-22 through 2-24, and 2-37.
See also Tables 2-1 and 2-2.
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2·38 Effects of Slopes on Other Olast.
Wave Parameters II

• Methods for determining peak overpres
sures at rising and falling slopes are described in
paragraph 2-37. This paragraph relates the peak
d}lnamic pressure and the duration of the posi
tive phases of the overpressure and the dynamic
pressure to the expected overpressures that are
determined by the methods described in para
graph 2-37. The relations of the dynamic pres
~~r':' and positive phase durations to the over
pressure will be discussed for three types of
interactions of the blast wave with slopes:
regular reflection of an incident Mach stem'

o -'

Mach reflection of an incident Mach stem; and
diffraction of an incident Mach stem.m Figure 2-58 shows the reflee-ted dynamic
prBe as a function of incident Mach stem
overpressure in the regular reflection region for
various effective slope angles. The duration of
the positive phase overpressure after regular
reflection can be considered to be the :arne as
that of the incident pulse. The dynamic pressure
pulse, on the other hand, changes as the shock
wave proceeds up the slope as a result of the
presence and growth of a rarefaction wave from
the slope corner (see Figure 2-47). The dynamic
pressure pulse effectively terminates where the
rarefaction W!lve intersacts the reflected wave.
The effect depends on the distance up the slope
that the shock wave has moved. the slope angle.
i1111.1 Ule overpressure coefficient in the manner
shown in Figure 2-59. In this figure, the number
1116 is the velocity of sound (in feet/sec) for
standard sea level conditions (1 SoC orO '59°F).
For different ambient temperatures. the appro
priate sound speed should be used (see Tables
2-1 and 2-2).

•
In the case of Mach reflection of the

in ent Mach stem. the peak dynamic pressure
at the shock front may be determined from Fig
ure 2-13 once the reflected ove:l'ressure 1:; detpr
mined as described in paragraph 2-37. Figure

2-13 is only valid when a single shock front is
involved. If the rising slope is sufficiently steep
to cause regular reflection (Figure 2-52). the
peak dynamic pressure should be determined
from Figure 2-58. The duration of the positive
phase overpressure pulse in the Mach stem after
Mach reflection can be assumed to be the same
as that of the incident wave, while the positive
phase dynamic pressure pulse is shorter than
that of the incident wave. Over a range of over
pressure coefficients from 2 to 11. and slope
angles from 11.8 to 38 degrees, the reflected
pulse after Mach reflection may be assumed to
be 0.5S times as long as that of the incident
bl..st wave.

• Figure 2-13 also may be used to deter
mirfhe peak dynamic pressure from the peak
overpressure in a diffracted wave. Although the
positive phase duration of both the overpressure
and dynamic pressure pulses are known to de
crease as a result of the formation of low pres
sure vortices at the slope change point, neither
experiment nor theory is sufficiently extensive
to provide a satisfactory prediction technique.
As an approximation, the positive phase dura
tion of the dif:'racted overpressure pulse may be
taken to be tht.\ same as that of the incident
pulse, and the duration of the diffracted dy
namic pressure pulse may be shortened by the
ratio of diffracted peak dynamic pressure to
incident peak dynamic pressure.

2-39 Channeling of an Incident Mach Stem
Along the Axis of a Valley II

• Figure 2-60 illustrates a third type of
idealized topographic feature: an elongated
valley. Shock waves reflecting from the walls of
such a valley tend to enhance each other in the
vicinity of the axis of the valley. The simple
relations shown in Figure 2-61 have been shown
to hold for a wide range ofvalley forms and for
incident overpressures below about 60 psi. The
relation for "flat-bottomed valleys" holds for

2-'15
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valleys whose flOOl widths (measured perpen-
dicular to the valley axis) are of the same order
as, or shorter than, the slope heights of the val
ley walls (also measured perpendicular to the
valley axis). For wider flat-bottomed valleys,
each side of the valley and a portion of the
adjacent valley floor may be considered inde
pendently as a V-shaped valley.

.t-4u General Application of Prediction
Techn!qu0S to Actual II
Topographical Features

• Paragraphs 2-37 and 2-38 ,;,rovide data
for only the most significant shock wave charac
teristics - peak pressures 3nd positive phase du
rations. More detailed information, e.g., data on
pressure waveforms, may be obtained from

-·DASA 1200, "Nuclear Weapons Blast Phenome
na" (see bibliography).

• Applicability of the curves that have
been presented depends largely on the size of a
terrain feature relative to the size of the incident
shock wave. If the incident shock is very much
longer than a terrain feature of interest, the pre
dicted changes in peak values of overpressure
and dynamic pressure will occur on the slope;
but the duration will not be affected greatly.
The incident pulse length in feet is slightly more
than 1116 times the incident pulse duration in
~~wmilt, 41UU i; Gals pulse length is more than
about three times as long as the slope being con
sidered. no changes in pulse duration can be

eXRcted. "
Much of the complexity of actual terrain

rna e eliminated from blast wave calculations
by application of the local-slope concept. This

. concept is based on the observation thnt, in
many situations, a shock wave that h~ ~ vp:~..d
over a succession of terrain features (hills, val~

leys, etc.) before encountering a feature of
interest interacts with that feature as if the
shock wave had previously passed over flat ter
rain.

2-120

• This trend was noted during testing pro
grams and has been supported by theoretical
inference. The Ranier nuclear test over fairly
complex terrain, provided additional checks. Al
though much of the area around this explosion
was subject to precursor type waves, sharp front
ed waves traversed many regions that were pro
tected from direct thennal radiation. Predictions
of peak overpressures generally were within 10
to~ercentof observed values.
•.Detennining whether the local slope

approximation will give reasonably accurate
results requires application of judgment in an
examination of the regior. between the target
area and the preSUMed burst point to detennine
whether there are significant terrain features be
tween the two, es;>eciaUy in the vicinity of the
target. This examinatiQn is often based on a sec
tional plot of the tP..,.ain, made along a line
between ground zerc :. ,d the target. Although it
is sometimes difficult to draw conclusions from
this examination, the following criteria are help
ful:

• Features that show slope angles of less
than 10 degrees on a sectional plot of the
terrain, i.e., about a 20 per(.'Cnt grade, will
not create significant effects.

• Symmetrical features at an appreciable
distance from the target generally can be
ignored. Effects that occur on the front
slope of such features compensate for ef
fects that occur on the back slope.

• Terrain features near ground zero have a
small effect on the blast wave at large
ground distances.

e If the average slope of the terrain tends to
follow a straight line, particl.\larly if the
deviations from this straight Jine are small
or random, the local slope approximation
is justified. However, if the average slope
of the sectional plot clearly follows two
straight lines, and the angle between these

()

)



lines exceeds 10 degrees, and if the break
occurs in the region of Mach reflection,
the blast wave calculations may have to
treat the effects of two slopes in sequence.

II Unless the average slope between ground
zero and the target is essentially horizontal, use
of the local slope concept requires establishment
of the primary reference plane (PRP). Over com
plex terrain, the PRP often follows the average
slope of the terrain between ground zero and the
foot of the feature upon which the target lies. If
the PRP does not seem clearly defined by this
criterion, it is better to allow the terrain within
the region of Mach reflection suggest the slope
of the PRP. If the target is in the region of regu
lar reflection. the average slope of the terrain
near the target should bl. given mc,.e weight than
the average slope of terrain closer to ground
zero.

1& After the PRP has been established, ef
fective burst height and ground distance with
respect to this plane may be determined by
means of a geometrical construction similar to
that suggested by Figure 2-57. Properties of the
blast wave int:ldent on the terrain feature of
interest mav be read directly from height of
burst curves in terms of these effective values of
diltace and height.

Although there are many cases in which
the ocal slope concept will fail in detail if ap
plied to features that are regular and uniform,
ordinary terrain is so complex that the uncer
tainties engendered by terrain irregularities gen
erally will exceed errors resulting from applica
tion of the local slope concept. Furthermore,
the process of determining approximate terrain
effects with the local slope concept is generally
fal' simpler than that of obtaining more refined,
but .still approximate, effects Nith more rigorous
tel·queii.

- Once the blast wave properties are deter-
mine flom height of-burst curves, approp!iate
sectional plots should be made of the target area

slope. Azimuth angle and valley slopes must be
determined where appropriate.

2-41 Application of Prediction ihniqUeS
to Specific Topography

• Figure 2-62 is a topographical map with
a =,et area (designated by T) to be investi
gated. It is desired to determine the locus of
ground zeros that would subject the target to an
overpressure of 10 psi from a I Mt weapon burst
atMight of 5,000 feet above the terrain.

Examination of Figure 2-62 shows that
the 'ghest point on the terrain around the tar
;et area is just over 4,000 feet (note that the
grid lines and elevations are given in meters in
Figure 2-62, and the highest point in the vicinity
of the target is at an elevation of 1.243 meters),
so altitude corrections are not required.II In accordance with the instructions in
paragraph 2-20, the blast.wave parameters for
explosions over mechanically nonideal surfaces
are performed by first finding the desired blast
parameters over a near-ideal surface. The results
then are corrected for the change in the blast
wave properties introduced by the mechanically
nonideal features. The corresponding height of
burst for a I kt explosion is

h =_h_= 5,000 = 500 feet.
I W1/3 (1,000)1/3

From Figure 2-18, a I kt explosion at a height
of burst of 500 feet will produce an overpressure
of 10 psi at a grl>und distance of 1,31 S feet
(about 400 meters). The correspondinf~ ground
distance for a I Mt explosion is

d :: d1 W1/3 :: 0,315)0,000)113

:1l 13,1 SO feet (or about 4,000 m).

A circle, centered on the target, with this rat1ius
is shown in Figure 2-62. A 1 Mt explosion at a

2-121
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hdght of burst of 5,000 feet over any point on
(hc circle would produce an overpressure of 10
psi at the target area (burst over points within
the circle would produce overpressures in excess
of~si at the target).

• The' target area includes two small con
vergmg valleys that are relatively shallow and
have relatively flat slopes normal to their axes.
Figure 2-61 shows that relatively steep slopes are
required to produce large effects in converging
v~np~,,,,. ~(l these minor terrain irregularities may
beM'nored.

The general direction of the contours in
the arget area is established as being parallel to
line AA'; and a sectional plot along line BB',
perpendicular to AA' and through the target
area, is constructed (this sectional plot is shown
in Figure 2-63 with the distance scales in meters
for ease in comparison with the map). The plot
in Figure 2-63 is not extended to the ground
zero circle (though it could easily be), since
inspection of the area between the target and
this circle, and reference to Figure 2-15 shows
that Mach reflection would take place long be
fore the shock would arrive at the target area.
Furthermore, inspection of the area within the
ground zero line indicates that an assumption of
a horizontal datum for the slope of the primary
reference plane is fairly good.
.. From Figure 2-63, it can be detennined

thne tangent of the slope angle (vertical risel
uvw.ulHCli distances) is 0.57. Thus, the slope
angle is

It is therefore necessary to detennine the inci
dent overprtlSSure that will produce an overpres
sure of I0 p:~i when the shock wave encounters a
30 degree rising slope (along the line BT) or a 30
degree falling slope (along the line B'T). Figure
2-SS (Mach Reflection) gives an incident over
pressure of 3.5 psi for the rising-slope condition,

and Figure 2-56 (diffraction) shows an incident
overpressure of 20 psi for the falling-slope condi
tion. Figure 2-19 shows that 3.5 psi would occur
at a ground distance of about 2,450 feet from a
I kt burst or 24,500 feet (about 7,500 m) from
a 1 Mt burst at heights of burst of 500 feet and
5,000 feet, respectively. Figure 2-18 shows that,
for the same heights of burst, 20 psi occurs at a
ground distance of 870 feet from a I kt burst or
8,700 feet (about 2,650 meters) from a 1 Mt

bUill Lines ee' and DO' are drawn at 30° to
line B'. For these lines, the angle between the
direction of shock wave propagation and the
angle of steepest ascent or descent is

and the effective slope angle is determined by

sin 6 = sin cI>s cos 4»

:: sin 30° cos 30° = 0.43

which yields

The angle 4» for lines EE' and FF' is 60°, from
which 6 =14.So. Using these two values of 8 with
Figures 2-S5, 2-56, 2-18, and 2-19 provides the
results shown in Table 2-5.

- Along line AA' the hill on which the tar
gem: is, for all intents, a V-shaped valley with
combined slope angle (see Figure 2-62) of 300.
Figure 2~60 indicatf:s that an amplification fac
tor of about 1.25 holds for such a valley, so an 8
psi incident overpressure (10/1.25) will yield 10
psi at the target area. Figure 2-19 shows that 8
psi would occur at a distance of approximately
1,375 feet for 1 kt or 13,750 feet for 1 Mt
(about 4,200 meten for 1 Mt).111 When t~e various distances given abov ~
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Table 2-5. lI,ncldent Overpressure and Ranges II
Rising Slope Approximate

.Incident Distance
Overpressure

Line ~ 8 (psi) Feet Meters

BT 0° 30° 3.5 24,500 7,500

CT, Dr 30° 26° 4.1 21,500 6,600

ET, FT 6fl 15° 6.0 17,000 5.000

Falling Sl~

B'T 0° 30° 20.0 8,700 2.650
C'T,D'T 30° 26° 18.5 9.500 2,900

E'l. F'T 60° ISO 15.0 10.900 3.300..--
are measured from the target area T along the • These changes are, to a large degree,
appropriate lines, the points are connected, the caused by changes in characteristic times. The
dashed line shown in Figure 2-62 is the result. blast wave develops more slowly at higher alti-
This line is the approximate locus of ground tudes. and the thermal pulse radiates more rapid-
zeroes that will subject the target area to a peak ly. Thus, energy is radiated at high altitudes that
overpressure of 10 psi. would, at lower altitudes, have contributed to

the blast wave. At altitudes higher than 130,000
_ THE BLASTIVE AT feet, both blast and thermal· efficiencies drop.

HIGH ALTITUDES 2-42 Effecti",. Blast Vieilid

•
Nearly all of the energy from a nuclear at High Altitudes

burs detonated within the atmosphere is ab- •
sorbed by air molecules. Within a few seconds, To account for the smaller fraction of
",!,,,,t of this energy evolves to three forms: blast the YIeld that appears as blast energy et higher
energy, radiated thermal energy, and thermal altitudes, the actual yield is multiplied by the
energy retained in a large volume of air. The first blast efficiency factor shown in Figure 2-64 to
two components of energy are useful nuclear obtain the effective blast yield. Effective blast
effects; the third is harmlessly dissipated over a yield is that value of yield which, when used in
relatively long period of time. Devi3tions from Sachs' scaling laws, predicts the cortect value of
Sachs' scaling laws (paragraphs 2-13 and 2-14) peak overpressure.
above 40,000 feet are caused principally by dif- II Figurf. 2-64 shows approximate upper
ferences in the partitioning of these three energy and lower limits rather than a single value for
components. Between sea level and 130,000 .nermal racUation U uled here includes ultraviolet throuab
f~et. blast energy decreases and radiated thermal Infrared, but excludes IIfIhcr fnquency radiations. e.... X-rays.
energy increases with y'ield. See Chaptors 3 lind 4.
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II
the blast efficiency factor. At high altitudes.
overpressure varies with distance in such a way
that effective blast yield is different at different
distances. For example. a 100 kt burst at
100.000 feet has an effective blast yield that
vades from about SO kt to 85 kt. It appears
impossible to formclate simple rules that state
where these numbe!S apply. It is preferable to
cc~sider the upper and ~ower effective blast
yields as defining a range of uncertainty.
Methods for making more detailed and complex
calculations are suggested in DASA-1200 "Nu
clear Weapons Blast Phenomena" (see biblio
graphy).

III Although blast efficiency is a correction
factor established to determine peak overpres
sure. it also may be used to calculate other bl ast
wave parameters. However, because of the non
linear properties of air, blast waves with high
shock strengths cannot be scaled exactly, and
shock-front parameters other than peak over
pressure are dermed less accurately by effective
blast yield. The waveform behind the shock
front is subject to additional variations, and the
blast efficiency is l~ast dependable when applied
to parameters such as impulse and positive phase
duration.

I
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Problem 2·"8. ~Calculation of Peak Overpressure at High Altitudes

Ap =ApoSp = (210)(0.014) = 2.9 psi.

The distance from a 1 kt explosion that corre
sponds to a distance of 5,000 feet from a 170 kt
explosion is

= 215 feet.
5,000

= ---'----
(4.2)( 170)1/3

Ap = 2.9 + (0.1 5)(2.9) = 3.3 psi.

III Reliability: The data curves in Figure
2·64 are based on computer calculations sup·
ported by limited data from full-scale nuclear
tests. As a result of the experimental checks, the
computed data are believed to be accurate at
high overpressures; however, this accuracy is not
considered confIrmed. At low overpressures
(scaled radii under 300 feet, shock strengths less
than 7), some of the numerical methods used by
the computer introduce errors, and reliable esti·

The reliability statement of Problem 2·1 indi·
cates that for scaled distances (distances from a
1 kt explosion) less than 1,000 feet the values of
peak overpressure obtained from Figure 2-2 are
accurate to within ±1S percen~. The probable
upper limit of the required overpressure is

From Figure 2-2. the peak overpressure at this
distance at sea level is 210 psi.

Answer: The corresponding peak overpres
sure at 95,000 feet is

Weff = (0.85)(200) = 170 kt.

While the blast efnciency factor is based on
burst altitude, the altitude scaJi.lg factors are
based on target altitude (paragraph 2-14). From
Table 2-1, the distance and pressure scaling fac
tors at 9S ,000 feet are .

_FigUre 2·64 shows the blast efficiency
factor as a function of height of burst. This ef
ficiency factor when multiplied by the weapon
yield provides the effective blast yield. The ef
fective blast yield may then be used to obtain
peak overpressure as a function of distance by
the methods described in paragraph 2-7 and
Prcblem 2-1 as modified by the altitude correc
tion procedures described in paragraph 2-14.
Other blast parameters may be obtained by
using the effective blast yield in the manner
described for total yield in paragraphs 2·B
through 2·11, as modified by the altitude scaling
described in paragraph 2-14.

II Scaling. After obtaining the ,~ffective
blast yield, the various blast parameters are
scaled ~ccording to the procedures described in
Problems 2-1 through 2-5, as modified by the
altitude scaling described in paragraph 2-14 and
Problem 2-6.

II ExamPle.
Gil'ell: A 200 kt explosion at an altitude of

100.000 feet.
Find: The highest ~'alue of peak overpres

sure that might be expected S,OOO feet below
the explosion.

Solution: Since Figure 2-64 shows that the
iUc;I... :'1 ~'alue of blast efficiency factor for a
burst at 100,000 feet is 85 percent, the calcula
tion is based on an effective yield, Weer' of

•

•
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mates of effective blast yield are not available;
however, even at low shock strengths, the blast
efficiency factor is believed to be approximately
within the limits shown in Figure 2-64. Yield
scaling appears to be relatively accurate, intro
ducing errors of only a few percent. Uncertain-

2-128

ties in the overpressure values obtained from
Figure 2-2 are described in Problem 2-1.

• Related Material: See paragraph 2-41.
See I1Ilso paragraphs 2-7 through 2-11 and 2-14.
See also Problems 2-1 through 2-6.
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2·43 Peak Overpressure on the Ground
from High·Altitude Bunts _

• The conventional proc:edure for fmding
blast.wave parameters at one altitude produced
by a burst at another altitude is modified Sachs'
sc<l1ing (parasraph 2-14). Fis,ure 2-65 uses this
principle for the (llrediction of peak reflected
overpressure at ground zert> as a function of
.tield and burst altitude. The curves are based on
computer calculations and are compatible with
the curves in Figure 2-3. which show peak over
pressure in free air.

• The curves are drawn as though effective
bla"ield (paragraph 2·.1t I) were always equal
to actual weapon yield. If the burst is' Slbove
40,000 feet, a conecUon for effective blast yield
is 81l·propriate,· and thi~ reduced yield (rather

-1han actual weapon yMd) should be u~ed to
enJeFigure 2-65.

Since the abscissa is slant range, Figure
2 may be used to pfl:dict peak reflected over
pressure at locations other than at ground zero,
provided the locations are within the region of
regular reflection and lire not too close to the
range at which Mach .reflection begins. Figure
2-46 may be used to determine the range over
which the reflection cClcfficient has e.ssentially
thWe value that it ha\~ at ground zero.

Since modified Sachs' scaling is an
emplflClu mc:thod, there .may be doubt as to its
application over a wide altitude range. However,
comparisons of reflected overpressures at ground

2-130

zero from Figure 2-65 with calculations per
formed in a way that is independent of the tech
nique of modified Sachs:' scaling show substan
tial agreement up to bu~rst altitudes of about
150,000 feet, the limit (llf thc.. latter calculations.

2-44 .Eff~ of Early Blast Phenomena •

II At the overpressures that are ordinarily
of mte1.'est in blast calculationF. the blast wave
from a sea level burst has propa8~ted well away
from the region in which it originated. At high
altitudes, however. the blast wave fonns at rela
tively low overpressures and at long ranges. In
making a blast calculation at these altitudes. a
possibility exists that the range of interest is
closer than that at which a scalable shock front
forms.

II The first stage of blast-wave fonnation
occurs when the air around the burst, under high
pressure because of its suddenly increased tem
perature. stuts to move. In the analysis of com
puter runs, a convenient criterion for shock
front fonnation is that the ratio of air density
behind the shock to ambient air density (P.lp)
rises at some point to a value exceeding 1.5. This
criterion indicates that the pressure waves origi
nating in the air near the burst ~-e starting to
merge to fonn a shock front. Formation of the
hydrodynamic abock front then proceeds rapid
ly, and the actual time and radius of shock for
mation are close to the values based on the p./p
= 1.5 criterion.

)



Problem 2·19. Calculation of Peak Reflected Cl\ferpressure
at Ground Zero from a High Altitude Explosion

•

• Figure 2·65 shows the ~eak reflected
overpressure at the ground as a function of slant
range' for a selected family of weapon yields.
The curves in Figure 2-65 are applicable at
ground zero and at locations away from ground
zero .that are in the regular reflection region.

• SCaling. No scaling is required with Fig
ur~65; however, for explosions above 40,000
feet. the effective yield obtained by use of Fig
u~64 should be used to enter Figure 2·65.

• Example.
Given: A 1O~t explosion at an altitude

of 120.000 feet.
Find: The maximum peak reflected over

pressure expected at ground zero.
Solution: From Figure 2-64, the maximum

blast efficiency factor for bursts at 120,000 feet
is 68 percent. The effective yield is

Weff = (0.68)(100) = 68 Mt.

Answer: Interpolation in FIgure 2·65 indio

cates that peak reflected overprt~ssure at grr.:,md
zero is about 2.5 psi.

~eliability II
~The few available experimental data

points tend to substantiate the curves in Figure
2-65. A certain amount of uncertainty occurs at
low overpressures because the overpressure dis
tance curves in Figure 2-65 are not identical to
the results of the calculations independent of
Sachs' scaling that were mentioned in paragraph
2-42.

11 No reliability estimate has been made
for these curves; however, it should be observed
that, for the extreme range of atmospheric con
ditions found along the path of the blast wave,
overpressure values that are within a factor of 2
often represent satisfactory agreement.

til Related Material: See paragraphs 2-7,
2-13, 2-14, and 242. See also Tables 2-1 c:,nd
2-2.
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~ see NOTE ill Rellablit)' ,mpaph of Problem 2·20.

blast yield at high altitudes must be made. as
m=ated in Problem 2-20.

• This procl';dure will give a reasonably
accurate answer only if the range that is used
exceeds the range for c:ase-shoc:karrival. The lat
ter range is obtained by multiplying range ob
tained from Figure 2·66 for case-shock arrival by
Wi f 3 (note that actual yield W, not effectiw
yield Wefp is required in this calculation). Simi·
larly. the approximate range for shock front for
mation is obtained by multiplying the scaled
range by WI / 3 •

II If a blast.wave calculation closer to th~
burst than the range of case-shock arrival is re
quired. data from Figure 2-2 may be scaled to
obtain a rough estimate of peak overpressure. If
the calculation is for a range closer than the
range for ps/p =1.5. the discrepanc~' betweep
the actual overpressure and the calculated over
pressure will probabl~' be excessive. Require
ment for a calculation of this type generally is a
sign that other nuclear effects should be consid
ered. Blast damage at ranges closer than shock
front formation usually is less serious than dam
age caused b~' neutrons, X-rays, gamma rays, and
th.l energy.

The stages of development of a nuclear
blast wave are most accurately known in terms
of time, because accurate comparisons can be
made between expelirnental data and points in
computer calculations. Approximate ectuations
for determining three times of interest are given
below.

a so sows curves 0 last·
wa· overpressure levels as a function of range
and altitude. Since peak overpressure cannot be
scaled accurately until thecase-shockfront joins
the hydrodynamic shock front, the overpressure
curves terminate on the curve for case--shock ar·
rival. To emphasiz.e the increasing uncertainty of
peak overpressure data with increasing altitude.
the overpressure contour lines are dashed above
100 kft.'" .

•
These overpressure curves were obtained

di y from Figure 2-2 and Sachs' scaling laws,
including altitude corrections described in para
graph 2-14. However, correction for effective

_ The kinetic energy of the bomb de
m.. w Icll i:s typically about ~5 percent of the

total yield. makes an important contribution to
the strength of the blast wave. These high ve
locity debris atoms, pushing away the air sur
roundint; the: burst point, create a shock wave
that is known as the nuclear shock or case
shock. Until this shock front overtakes and
merges with the hydrodynamic shock front, the
blast wave will not have acquired its full energy.
The fraction of the total energy carried by the
debrh is a function of weapon design. Therefore
th~ arrival of the case shock at the hydrody
namic sho.:-k front. which marks the beginning
of a scalabk shock wave. also is a function of

~esigl~"

_ Figure ~-66 shows the approximate
rangl:~ 01 shock-front formation and case-shock
arrh"al as a function of burst altitude for a ] kt

. explosion. These ranges were calculated for con
ventional nuclear devices. Different cUl'\'e:.
would b~ required to show these ranges accu
rately for weapons wah enhanced radiation out
puts (paragraph 2-45

•

•
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Problem 2-20. Calculation of CaseeShcck Arrival and
Peak OverpresslJre at High Altitudes

• Figure 2-66 shows the approximate
ranges of shock-front formation and case-shock
arrival as a function of burst altitude and dis
t~from a I kt explosion.

_ Scaling. For yields other than I kt, the

"'"tle for case-shock arrival scales as follows:

d_ = Wl/3
d '1

sure is scalable at the range of interest. From
Figure 2-64, the blast efficiency for a burst at
110 kft is expected to be between 48 percent
and 77 percent. The effective blast yield is there
fore between 48 and 77 kt. The corresponding
distances for a I kt explosion are

d = d = 1,000 = 275 feet,
1 (W

eff
)1/3 (48)113

where dl is the range for case-shock arrival for I
kt (obtained from Figure 2-66), and d is the
corresponding range for a yield of W kt. For
heights of burst above 40,000 feet the range for
a given overpressure scales as follows:

and

1,000= =
(77)1/3

235 feet.

.\

.!

•

-!L = (W )1/3
d ~rr'

1

where dl is the range for the desired overpres
sure for a I kt explosion and d is the corre
sponding range for a yield of Werr kt (Werr is
the effp,ctive yield for a high altitude burst ob
tained from Figure 2-64 as illustrated in Problem

2-ill •
.. Example "
-Given: A 100 kt explosion at an altitude of

110 kilofeet above sea level.
Find' The peak overpressure at a .~ange of

1,000 feet.
Solution: From Figure 2-66, the range for

case shock arrival from a I kt burst at 110 kft is
abo'ut 180 feet. The corresponding range for 100
kt is .

d =d1wl/3 =(180)( 100)1/3 = 835 feet.

Since this is less than 1,000 feet, peak overpres-

Answer: Fr~!:: Pigure 2-66, the overpres
sures are 90 and ISO p~i at these ranges from a I
kt explosion at 110 kft. The IS percent uncer
tainty in overpressure data (see "Reliability")
extends the range ~f I kt overpressure values to

b"n75and170~
eliability _
Ranges for shock formation and case

shock arrival were obtained from computer cal
culations. Cas.shack arrival has been observed
in nuclear tests, and the experimentally deter-.
mined ranges substantiate the computer data.
For conventional weapons (unconventional
weapons are discussed in the following subsec
tion), the rsuge for case-shock anint is believed
correct within a few percent. Yield scaling ap
pears to be fairly accurate for these phenomena.

• Below 40,000 feet peak overpressure
data are considered reliable within 15 percent
for shock strengths peater than I.S (7 psi at sea
level), within 20 percent for shock strengths be
tween 1.5 and 1.03, and within 30 percent for
shock strengths below 1.03 (-1/2 psi at sea

2-135
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•

II
level). Above 40,000 ff:et, the additional uncer
tainty implied by Figure 2-64 should bf consid-
ered. .II Note: Although Figure 2-66 was used
in this example to calculate peak overpressure, it
is not the preferred source of overpressure data.
More accurate values may be obtained by scaling
data from Figure 2-2 and, at high altitudes, fol
lowing the method ofPrclblem 2-18. Figure 2-66

2-136

is convenient for rough calculations, because it
eliminates the !'equirement for altitude scaling.
However, the important information in this fig
ure is given by the cunes that show the approxi
mate ranges of shock-front formation (p.'p I:

1.5) and the beginning of a scalable shock wave
(CIShOCk arrival).

Related Material: See pllfagraphs 2-7,
2- , and 2-43. See also Problem 2-18.
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Figure 2-66. • Limits of Scalable Shock Wave and CaICl.ilated Peak Overpressure
85 8 Function~ Altitude as a Function of Distance from a 1 kt Explasion II
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·.Tho nit bV 11 commonly ued in two ...... Stdctly
~. it 11 a unit of enerj)' (lIteV • 1.000 '~Oll W)lts •
1.602 x 10-9 GIl wbich Iw a mqnitllde that II oonwmiellt for
IpSdfYinI tile eMIIies of X-ray photon•• However. b)' exteftlion
of its onpw meaIlJnI. the IUlit II uteeI to define temperature (l
keY l1Wl1.600.000OX).

ente tam 1keY,,",",III""tile .-euumof tbennII
IIllUation !,'l'ODI • Wack Wy. i.e., • perfect radiator of tbenDaJ
tIDeIIY,1hat bu a1Cmpentwe of 1 bV. No•• IIo.....r. that an
IDIIIY of I keV 11 DOt .......tatiW of the nell)' of the
photonl conatitutina Ill" • tpeelrum~ almnt 15 percent or the
pbotOftl haw eneqies of 1 bVor Ie-. ~'\OIi tbete pbotoM repre·
IIDt _ tDan 3.S pacent of.. total ipCCtral enetIY.1Id' of the
eneIIY II c:mie4 by sMtOIll with ......~'Clter tIwl3.5 aV.
1'be IpeCtrUm exteDda r9l/1h1Y to 10IteV:photoRlwith~s

bWhu than tbiI oolUtitute .., I pertent of thG ipIOInl eQellY.
8&.) Clapter .. for fW1ber dilc:ullion of b1act body radiatorL

245 Air Blat from W8Ipons with
Enhenced Rediltion Outputs

_ The strength of the blast wave from
~ radiation weapons is a complex func

tion of the radiant energy distribution. Accurate
blast wave calculations require detailed eneJgY
tranftPort calculations. followed by hydrody
nami!: calculations to account for the motion of
the heated air and the bomb debris. Frequently,
the valiation of ambient air density with altitude
is sufficiently importan~ to be included in the
~culations. A large digital computeJ' is required
to account for an of these factors.

_ WE~NHANCED
.. OUTPUTS_

The initial output energy of a conven
tional nuclear wea on consists mainl of black

1i" d radiation
~. and kinetl

(j;>,'\!~ 0 in Table 2-6. Table 2-7 shows the mean
free path of various fonns of energy that can be
t!enerated by a nuclear device. Most of the out
put of a conventional nuclear weapon interacts
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T.bl.2-_ R.......totlv. MOl. Fr......h. of Nuole" W..po. Rodl••o...

Mean Free Path

Source EnerlY Soa Level 80,000 ft

The mean free paths shown in this table are for individl/al particles if. ambient air. Collectively, the
particles may travel farther. Debris atoms, fot example, assist one another in pushina the air atoms away
from the burst point. X·ray photons completely ionize a small relion of air near the burst, thus creatina a
nearly transparent region through which other X-ray photons can travel freely.

HOT WEAPON

DISTANCE FROM BURS'r

Figure 2-611. Energy Deposition In Air as a Function of Nuclear
. urea Characteristics (Not to Scale) •
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Rough calculation may be made.
• by applying the following JUle of

thumb to weapons with enhanced outputs: blast
calculations for a given radius may be based on a
weapon yield that is equal to the amount of
energy contained in the sphere defined by that
radius. As this rule implies, the blast wave, as it
propagates outward, picks ,.up hydrodynamic
energy from the heated' ,air -through which it

asses.

•
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· Deleted-

Figure 2-69. • Denslt.y of Deposited Energy In Sea Level Air
from V~ri';)us Energy Sources II
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-'Many problems that require blast
=:eciion because of output spectrum wDl
also require a blast yield correction because of
altitude (paragraph 241). One correction fdctor
does not replace the other, as illustrated in Prob
lem 2-21.

..
Effective blast yield. in percent. tends

o mcrease with (1) increased range, (2) decreas-
ed rc:.diating temperature. (3 in d ield
and (4) decreased al· ,

tncreases, t e range for a
~lven overprf~ssure increases. but the distance
that a given form of prompt energy can travel

remains essentially the same; therefore, at a
given overpressure level the blast wave from a
higher yield encloses a ater fr etion of the
weapon outout

As tltude decreases, the denser air con
fmes e radiated cncl'lY to a smaller volume.
Since the range for a given peak overpressure is
relatively insensitive to altitude (Figure 2-66),
th~ sphere defined by this range encloses an in
creasing fraction of the source energy as altitude
decreases.
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Problem 2-21. Calculation of PIa
• Hot X·ray W.rhNd

- Paragraph 1-44 describes the differ
~ween the c~laracteristicsof blast waves

from enhanced radiation weapons and the blast
waves from conventional weapons. The foUow
ing example will illustrate. the use of the infor-
mation iscussed in paragraph 2-44.

Scaling. Range is scaled in such a way
a a a given scaled range the X-ray energy has

pas!:,f;d through a given amount of air.

where R" and Po are range and ambient air den
sity at sea level and R is r:mge in air with an
ambient density of p. The ordinate of Figure
2-68 (percent of radiated energy deposited) does
not require scaling. Energy density added to the
air is scaled in a way that accounts for spherical
divergence and for yield. .

~ =( ~o JW.

This equation is equivalent to:

"

where AE1 is the energy deposited by 1 kt, 4E
is the corresponding energy deposited by W kt,
and the other terms are as previously defmed. In
addition to the scaling described above; Sachs'
altitude scating (parasraPh 2-14) probably wID

. ..",
,. ,
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ReliQblllty: The pr~dures described
above have been substantiated by analys~s of a
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limited number of computer calculations. and
specific reliability estimates have not been made.
The amount of error introduced by the proce
dures is expected to increase as the effective
blast yield (in percent) decre,.ses. In typical
problemli. the change in effective yield that the
procedures predict is probably correct within

_
b 2S percent.

~elated Material: See paragraphs 2-7.
2- , -41, and 244. Set" also Tables 2-1 and
2-2.
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SECI'ION n
CRATERING PHENOMENA

A crater is fonned when an explosion occurs
at or near the ground surface. Figure 2-70a shows
an idealized cross section of a crater fonned by
such an explosion. The diagram illustrates the
dimensions that are commonly used to describe
the crater, and the zones of subsurface defonna
tion that typically surround a crater. The ap
parent crater is defined ali the crater that is
visible on the surface, the dimensions being
measured between fallback and the ori!tinal
ground surface elevation. Fallback is mat~rial

that was lifted or thrown out by the explosion
and has fallen back within the true crater. The
true crater is delineated by the approximate
boundary between the fallback material and

the rupture zone. The shape of the true crater
is disguised by the fallb3ck.*

The primary variables that affect the size
and shape of the crater are the weapon yield and
output characteristics, the height or depth of
burst (HOB or DOB), the properties of the earth
medium, and the geologic structure. As these
variables change, the shape, characteristics, and
actual dimensions of the crater change. Figure
2·70b illustrates the general cross sectional
shar2s of r.raters formed as a result of various
burst positions.

elt is hypgthefoized by lOme that in certain aeolopes (notably
thote that Ire highlY porous and water filled) tbe aback waves
from the excavated crater may fracture the ,eololical matrix.
This could lead to late-time reconsoUdatlon and Uquefaction that
could cauae the apparent cIater and the true crater to coincide
and to be larger than the crater in I more competent seoIOI}',
This theory is one that has been proposed to explain the large
shallow craters produced at the Pacific Proving Grountl.

• Re-------a

RUPTURE
ZONE

-

TRUE CRATER
BOUNDARY

EJECTA PORTION
OF LIP t---- ".2---.-1

~~~l!:l~~r-R.
_ ........;J

ORIGINAL
GROUND
SURFACE

Figure 2·701. Cross Section of. Crater from a Subsvrtece Nude., Detonation
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When a nuclear explosion occurs well above
the surface, but low enough that the fueball
still intersects the ground surface, a shallow
crater is formed by compression of the earth
beneath the explosion and h~ ejecta is pro
duced. As the HOB decreases. the crater volutne
increases and the proportion of the crater vol
ume that results from exc:1vation and ejection
also increases. This holds troe in a co~tinuum

that includes surface bursts (HOB 1: 0) and
buried bursts from the most shallow to the op
timum DOB for the weapon being considered. If
the burst takes place at the opt~mum depth of
burial, i.e., at the depth that results in maximum
apparent crater dimensions for the weapon being
considered, the accele~ationof t"e earth medium
upward by the expanding explosion gases is the
dominant feature' of the cratering process.
Figures 2.71a and 2.7!b are photographs of ap
parent craters that occurred from nuclear explo
sions buried in soil and rock at depths near op
timum for crater formation.

Finally, deeply buried explosions may lead to
a subsidence crater, to a raised mound above the
detonation point, or to no perml1Jlent displace
ment of the surface ~t all.

2-46 Energy coupling
When a nuclear weapon explodes at or above

the surface of the earth, there are two phases in
~:•.:. f- ....,.:."'~s. of eneri)" flow into the ground. T:i~e

initial phase is referred to as "radiation deposi
tion." Part of the prompt radiation output
from the weapon (x-rays; see Chapter 4) reaches
the ground and is absorbed in a time that is so
short (a fraction of a microsecond) that hydro
dynamic motion in the ground will be negligible.
The ground is heated rapidly, and most of the
absorbed energy is reradiated back into the air
above the surface.

In addition to the energy deposited directly in
the ground, the atmosphere around the source is
heated by radiation diffusion, producing a fire
ball thot radiatts energy into the ground. This

creates a thin layer of very hot plasma. At this
stage, before any significant mass motions have
OCCUlTed, the pHasma, a layer of very hot, high
energy-density material, extends along the sur
face to a radius that depends on weapon )'ield
(about 30 meters for a I Mt surface burst).

The radiative coupling is compJeted in ap
proximately one to three tenths of a micro
second. The net energy pennanently absorbed
by the ground represents about 6 percent of the
total explosiv~yield.

The second phase of the process of energy
flow into the ground is the "debris impact"
phase. Vaporized debris from the nuclear device
and its associated material impact the ground
surface and add more energy to the earth. This
debris slap may last for 3 or 4 microseconds, de
pending on the height of burst, and may inhibit
some reradiation out of the ground. The energy
from the debris impact represents only about 2
percent of the nuclear warhead yield for a con
tact surface burst.

The radiation from the air in the fireball con
tinues to add energy to the soil over a period of
time that is much longer (up to several hundred
microseconds) than the duration of the prompt
radiation deposition and debris impact phases.
lbe amount of energy coupled by this process is
very uncertain.

The height of burst has an important effect
on the radiative coupling. The air acts as a.n
energy sink for some of the downward directed
x-rays, converting them into thermal energy.
The radiative coupling of a I Mt burst at a
height of burst of S meters could be a factor of
two less than from a contact surface burst (HOB
= 0 meten;) of the same yield. Because of prac
tical considerations, such as the location of the
center of encJ'&Y relcase in a reentry vehicle
whose nose is just in contact with the ground, it
is more likely that the HOB will be greater than
zero.
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Figure 2·71.. SEDAN Event; Typical Crater Fonned by a 100 kt Oe~on~lon in a Soli
~ediunl at Optimum 008: R." 186 m (611 ft. t; O. • 98,5 m (323 ft.);
DOB .. 194 m (635 ft.)

Flgurtl 2·71b, DANNY BOY Event: Typical Crater
Formed by • 0.43 kt Detonation In I

Hard Rock Medium (Basalt) at
Optimum DOB: Ra• 33.~ m
(110 ft.); Da .. 1B.9 m (6Uto):
DOB .. 33.5 m (110 ft.)




